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Understanding the near-nozzle region of a spray is integral to spray optimization and 
control efforts because this region is where liquid break-up and spray formation occurs, 
setting the conditions under which the spray dynamics evolve. However, the near-nozzle 
region of sprays is not yet well characterized because the high optical density complicates 
measurements. Recent innovations in X-ray technology enable high-quality measurements 
and visualization techniques that are capable of capturing the high-speed structures. To 
improve characterization and expand upon current analysis methods, the studies presented in 
this dissertation use synchrotron white-beam X-ray radiography, synchrotron focused-beam 
X-ray radiography, tube source X-ray radiography, and back-illuminated imaging on the spray 
from a coaxial nozzle.  
In one of the following studies, a comparative analysis of near-nozzle experimental 
techniques is presented that shows how penetrating X-rays provide additional information 
over the established method of shadowgraphs. A technique to estimate the intact length of 
sprays from X-ray radiographs was presented and validated. Additionally, a reasonable 
estimate of spray angle from shadowgraphs was consistent with X-ray radiographic 
techniques, showing that the information obtained from shadowgraphs was sufficient for this 
calculation. 
An initial study using focused-beam synchrotron X-ray measurements with a cross 
sectional area of 5 x 6 μm to measure the attenuation in the beam (used to calculate the 
effective path length of liquid) at an effective rate of 270 kHz for 10 seconds was also 
completed. Various statistical measures were applied to the X-ray focused-beam 
measurements including average, standard deviation, skewness, and kurtosis, to quantify the 
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spray from a canonical coaxial airblast nozzle. Results showed that the average effective path 
length was useful in determining the intact length and spray angle. The capabilities of 
statistical measures in determining important spray characteristics was also discussed. 
A study using image-based feedback control to optimize the spray half-angle (θ), 
obtained from shadowgraphs, with the assumption that the largest θ is desired, was also 
completed. While keeping the total air flow rate constant, varying ratios of swirled air to 
straight air (SR), determined by the image-based feedback controller, were introduced into the 
air portion of a coaxial airblast nozzle. A golden section search converged on the SR that 
provided the largest θ and was validated by the distribution of θ versus SR. The ratio that 
produced a spray with the greatest angle of θ = 25.8 ± 2° was found at SR = 0.66 ± 0.03 for a 
spray with a momentum ratio of 6. The successful design and implementation of the 
image-based feedback controller was intended to provide a foundation for developing 
real-time active feedback controllers for sprays. 
One study was implemented to develop a method of determining the mass-averaged 
axial velocity of a spray from focused-beam X-ray radiography.  The newly developed 
method was then used to determine the mass-averaged axial velocity of a co-axial airblast 
spray in the near-field region. Results showed that the spray velocity increased linearly with 
distance for the range in which data was taken. Additionally, the slope of the velocity with 
downstream distance increased linearly with the gas Reynolds number. The results imply that 
it may be possible to predict the mass-averaged axial velocity of a spray in the near-field 
region. 
The final study provides an in-depth analysis of spray breakup from white-beam X-ray 
radiographs. The time series images showed many structure formations such as ligaments, 
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bags, bubbles, mushrooms, crowns, and webs. The images also showed breakup processes of 
each of these structures and how each breakup process resulted in different sizes of droplets or 




CHAPTER 1.    GENERAL INTRODUCTION 
Coaxial airblast atomizers are commonly used as fuel injectors in gas turbines and jet 
engines, two-phase flow chemical reactors, chemical separators, spray drying, and food 
processing (Lasheras & Hopfinger, 2000). Previous research conducted on these atomizers 
focused mainly on the region of the spray where droplets had formed and secondary 
atomization (droplets breaking apart into smaller droplets) was dominant. While the region of 
spray that is furthest from the nozzle (far-field region) became well characterized, primary 
breakup and the near-nozzle (near-field) region of the sprays has been minimally investigated 
because of the thick liquid core and large structures that render the region nearly 
impenetrable to visible light. However, it is vital to understand the near-field region, because 
it controls and sets the primary combustion zone for fuel sprays (Lightfoot, 2015) in addition, 
it provides information about the spray that is entering the secondary breakup region 
(mid- and far-field regions). 
The studies that have been completed on the near-field region of sprays have 
primarily used shadowgraph imaging. Although useful, shadowgraph imaging uses visible 
light, which reflects off the liquid, making it difficult to visualize the spray. Additionally, in 
regions where the spray has dense droplets, multiple scattering events can occur, where the 
light reflects off of multiple droplets, making images extremely difficult to analyze. Using 
X-ray radiography to study sprays dates back as far as 1965 (Pike et al., 1965) but has 
recently gained popularity. The major benefit of radiography lies in the ability of X-rays to 
penetrate thick liquid structures, allowing the core and near-field region of the spray to be 
visualized. Additionally, X-rays have only mild scattering at gas-liquid phase boundaries 
which mitigates multiple scattering (Als-Nielsen & McMorrow, 2011). As X-ray spray 
2 
 
research becomes more common, higher power sources, faster cameras, and specialized 
equipment improve the quality of data. Researchers are also working to find novel data 
analysis techniques that will provide useful information, available from X-rays, about the 
sprays. 
 As researchers shift from shadowgraphy to X-rays for studying the near-field region 
of sprays, they must also understand the similarities and differences between the techniques. 
To help bridge this gap, Chapter 4 provides a direct comparison of shadowgraphy and three 
types of X-ray testing (tube source X-rays, white-beam synchrotron imaging, and 
focused-beam synchrotron radiography). The study was completed on sprays with identical 
flow loop setups, nozzle, and flow conditions to ensure consistency across the tests. A 
qualitative and quantitative comparison of the techniques is presented to assist researchers 
who are comparing results from one technique to another, or to provide guidance to 
researchers who are choosing a particular technique. 
Of the techniques that were compared in the previously mentioned study, 
focused-beam synchrotron radiography provided the most precise and highly time-resolved 
measurements. Many researchers have used the measurements in a limited capacity, despite 
the quality of the measurements. To expand the usability, Chapter 5 combines focused-beam 
synchrotron radiography with established statistical analysis methods to determine which 
methods, if any, provide insightful information. 
As spray research continues, our understanding of fundamental spray breakup will 
improve. We will gain a better understanding of how the controlled flow conditions and often 
uncontrolled external conditions affect spray breakup. However, the desire to control sprays 
is more immediate, and without complete characterization, extremely challenging. If active 
3 
 
real-time feedback control were possible, it would alleviate the necessity of fully 
characterizing a spray before controlling it. In working towards active real-time feedback 
control, Chapter 6 of this dissertation describes the successful design and implementation of 
image-based feedback control, which is a first step in achieving real-time feedback control. 
One of the most useful spray properties is the velocity. In the far-field region of 
sprays the velocity is commonly measured for individual droplets. However, there is not an 
established method of measuring the near-field velocity of sprays. Chapter 7 of this 
dissertation presents a novel method of measuring the near-field, mass-averaged axial 
velocity of a spray with a significant angle.  
Analyzing the processes by which sprays break apart helps us gain understanding into 
the physical processes that are occurring. Of the techniques that were compared in Chapter 4, 
white-beam X-ray radiography was the best technique for qualitatively characterizing the 
spray and breakup processes. Chapter 8 of this dissertation provides an in-depth description 
of the breakup processes that take place in the near-field region of a co-axial spray with 
varying gas flow rates.  
The goals of this research are to: (A) Provide a qualitative comparison of 
shadowgraphy, tube source X-ray imaging, synchrotron white-beam X-ray imaging, and 
synchrotron focused-beam X-ray radiography; (B) Quantitatively compare the spray angle 
from shadowgraphy, tube source X-ray imaging, and synchrotron focused-beam radiography; 
(C) Determine core length of sprays from shadowgraphy, and then use that length to develop 
a method of estimating the core length from tube source X-ray images, and synchrotron X-
ray radiography; (D) Combine novel synchrotron white-beam X-ray radiography with 
established statistical methods to determine which methods, if any, can provide useful 
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information about spray breakup and the near-field region of sprays; (E) Design and 
implement an image-based feedback control system that optimizes sprays, based on the ratio 
of swirled air to straight air, to optimize a spray for the largest spray angle; (F) Develop a 
method of determining the cross-sectional average axial velocity of continuous sprays with a 
non-negligible spray angle from synchrotron focused-beam X-ray radiography; and (G) 
Characterize the near-field breakup of a spray using synchrotron white-beam X-ray 
radiography. Chapter 4 of this dissertation addresses goals (A), (B), and (C). Chapter 5 
addresses goal (D). Chapter 6 addresses goal (E). Chapter 7 addresses goal F. Chapter 8 




CHAPTER 2.    LITERATURE REVIEW 
This literature review begins by summarizing the fundamental understanding of the 
physics under which two-phase coaxial sprays break apart. The primary methods and X-ray 
sources that are used to study the near-field of sprays are presented, followed by the 
important characteristics that researchers are studying by using X-rays. Many of the studies 
cited in the spray characteristics section were not conducted on coaxial sprays but are 
applicable to coaxial sprays or at minimum, these studies are presented to broaden the 
understanding of how X-rays can be used in spray research.  
2.1 Fundamentals of coaxial spray breakup 
A nozzle is defined as coaxial when the tip has multiple concentric exits with 
high-speed gas and liquid flowing through different exits. The dimensional variables that 
define coaxial sprays are the liquid volumetric flow rate, gas volumetric flow rate, and nozzle 
geometry. The non-dimensional variables that are integral to understanding a coaxial spray 
are the Reynolds number (Re), momentum flux ratio (M), mass flow ratio (m), and Weber 
number (We). The Reynolds number is a ratio of the inertial to viscous forces in a fluid at a 
particular velocity, and for coaxial sprays, the liquid Re (Rel) and gas Re (Reg) both affect 





where ρ is the fluid density, U is the characteristic velocity, D is the characteristic length, and 
μ is the fluid dynamic viscosity. The momentum flux ratio is the ratio of gas momentum flux 








where ρg is gas the density, ρl is the liquid density, Ug is the gas exit velocity, and Ul is the 






where Al is the area or effective area of the liquid nozzle exit and Ag is the area or effective 
area of the gas nozzle exit. The weber number is the ratio of inertial to surface tension forces 





with l as the characteristic length, which is generally a droplet diameter, and σ is the surface 
tension. 
In coaxial nozzles where the momentum flux of the gas is greater than that of the 
liquid, jet breakup is caused by kinetic energy transferring from the high-speed gas to the 
relatively slower liquid. This process is known as airblast atomization (Lefebvre 1989, Lin & 
Reitz 1998). The kinetic energy transfers from the gas to the liquid because of two 
fundamental phenomena, shear breakup and turbulent breakup. Shear breakup is the primary 
force in the near-field region and is caused by the air shearing against the liquid. This force 
also acts on the liquid to increase its speed to be close to that of the gas. The other breakup 
mechanism is turbulent breakup which is caused by air turbulence and results in liquid 
breaking apart whenever the forces from the turbulent gas are greater than the confinement 
forces (viscosity and surface tension) (Lasheras & Hopfinger, 2000). The constant balancing 
of the shear force against the viscosity and surface tension forces between higher momentum 
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gas and lower momentum liquid in the near-field causes liquid-gas interface instabilities that 
result in primary atomization.  
Primary breakup of sprays begins just as liquid leaves the nozzle tip. The primary 
breakup region is vague but is generally defined by the presence of a liquid core and in-tact 
ligaments. Primary atomization works to break the liquid stream that is exiting the nozzle 
into ligaments (smaller streams of liquid) that then break apart into droplets (Li et al., 2018). 
Bags are another common feature in primary atomization where a thin sheet of liquid with a 
thicker rim breaks into very small droplets and slightly larger droplets, respectively (Lasheras 
& Hopfinger, 2000). Sprays with a gas momentum flux that is much larger than the liquid 
momentum flux tend to have a liquid crown near the nozzle where liquid is pulled away from 
the center of the nozzle and then shreds off of the hollow cone into droplets. After primary 
atomization, shear forces from the gas continue to work on the droplets until the droplets 
have reached the speed of the gas; this phenomenon was highlighted by Li et al. (2018). 
However, for secondary atomization, the larger separating force comes from turbulent gas. 
Drop size has been shown to scale with Weber number as the larger difference in velocities 
increases atomization (Lasheras & Hopfinger, 2000). 
Although fundamental principles of spray breakup are known, modeling sprays is 
difficult because of the many degrees of freedom (Eggers & Villermaux, 2008). Additionally, 
many spray models ignore the presence of a boundary layer that exists at liquid-gas interfaces 
and inside the nozzle (Lasheras & Hopfinger, 2000). Ultimately, sprays can be modeled but 
experimental studies are still necessary for an improved understanding of the complex 
physics of spray breakup. Spray properties that are highly important in practical applications 
include the size of droplets, spreading rate, and intact or liquid core length (Lasheras & 
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Hopfinger, 2000). Understanding the structures that are present, and how they are related to 
the liquid velocity, and liquid/void fraction, are also important, especially when the 
experiments are being compared to computational models. The following sections provide an 
overview of methods that are used for studying the near-field region of sprays, and reviews 
studies where researchers looked at each of the important physical phenomena.  
2.2 Methods for studying the near-field region of sprays  
Shadowgraphy has historically been the method of choice for most researchers who 
are studying the near-field region of sprays and is presented first as a comparison for the 
X-ray techniques which are presented after. This provides a background of the challenges 
associated with shadowgraphy and a basis for the necessity of using X-ray radiography. 
Then, the core concepts and differences of tube-source imaging, synchrotron beam imaging, 
and focused-beam radiography are presented. Ballistic imaging is another method of studying 
the near-field region of sprays that produces similar results to X-ray imaging, but will not be 
covered in this dissertation as it was not used in any of the following experiments.  
2.2.1 Shadowgraphy Imaging 
High-speed shadowgraphy (sometimes called back-illuminated imaging) has been 
widely used for studying sprays (Castrejón-García et al., 2011; Stevenin et al., 2012; Westlye 
et al., 2017) because interfaces between liquid and gas are easily visible. The shadowgraph 
images generally show the entire region of interest of the spray at a high temporal resolution, 
which enables spatiotemporal analysis of the data. However, it is not possible to capture 
internal details of the spray because the liquid reflects and refracts the light so the resulting 
image is more like a silhouette. Additionally, dense clouds of droplets can obscure the light, 
so they cannot be distinguished from patches of liquid. A schematic of shadowgraphy is 




Figure 2.1  Shadowgraphy imaging: High-speed imaging using visible light to capture a 
still shadow of a spray (schematic not to scale). 
As light passes through the spray, it is reflected and refracted away from its original 
path wherever liquid is present; this creates a shadow in the resulting image. Using a visible 
light source makes shadowgraphy subject to multiple scattering events, shown in Figure 2.1, 
where the light reflects off of multiple droplets, decreasing the sharpness and contrast of the 
resulting image. The high curvature of droplets also tend to act as a lens, focusing light to the 
center of the shadow, which results in a bright spot in the center for larger droplets. The 
biggest benefit to shadowgraphy is that it’s easy and inexpensive to set up which makes it a 
great choice for initial testing.  
2.2.2 X-ray Imaging 
An alternative method of imaging sprays uses X-rays rather than visible light 
(Heindel, 2018). The primary advantage of X-ray imaging is that the X-rays mostly attenuate 
as they pass through liquid, with very minimal reflection, refraction, and multiple scattering. 
The resulting images provide internal details of the spray. X-ray radiography from different 
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sources provides differing capabilities in what can be tested; two of the primary types of 
sources are tube sources and synchrotron beams. The two are considered independently 
because of the difference in how they produce X-rays and the large disparity in the intensity 
of the radiation the sources produce, which lends the different source types to different types 
of X-ray measurements. The synchrotron can also be used in other types of testing, such as 
X-ray fluorescence and ultra-small angle scattering (Powell et al., 2013) but these techniques 
were not used in these experiments, therefore, will not be further discussed. 
Tube source X-rays are produced when electrons are accelerated with a high voltage 
electric field in a cathode-ray tube where the electrons impact a metal target (anode) which 
decelerates the electrons, emitting radiation in the X-ray spectrum. The synchrotron source 
provides extremely intense X-rays that are created by fast-moving electrons when they are 
steered by bending magnets, undulators, or wigglers. Tube sources X-ray sources have a 
lower intensity than synchrotron X-ray sources, which limits the frame rate and increases the 
exposure time necessary for tube source X-rays. The synchrotron beam is advantageous 
because the high X-ray intensity enables microsecond exposures and kilohertz frame rates. 
This permits the acquisition of time-resolved measurements or images from the synchrotron 
beam, which allows for the capture of dynamic events and minimizes motion blur. The 
synchrotron beam is also highly collimated, which minimizes the penumbra effect (where 
large, non-parallel sources causes fading around the edges of objects). However, the 
synchrotron beam is more limited in size, so that the entire region of interest cannot generally 
be captured in the same frame. Access to the synchrotron beam is also much more limited 
where tube source X-ray systems can be installed in many laboratories.  
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2.2.2.1 Tube Source X-rays 
Figure 2.2 schematically shows a tube source X-ray setup, which was described in 
detail elsewhere (Heindel et al., 2008). The X-ray source shown has a cone-shaped beam, as 
sketched in Figure 2.2, and contains a wide range of photon energies, referred to as 
broadband X-rays or white-beam X-rays. As the beam propagates through the spray, a 
fraction of the photons are attenuated by the liquid so that the beam intensity decreases; the 
decrease is a function of the fluid medium, the amount (path length) of fluid, and the X-ray 
photon energy. Images from tube source radiography provide a measure of the optical depth 
which is based on the attenuation and liquid path length. Tube sources often, though not 
always, have a relatively large focal spot, which results in a non-negligible penumbra effect, 
which is caused by X-rays hitting the same spot on an occluding object from different angles. 
One advantage of tube source radiography is the X-ray beam is typically large enough to 
allow the entire spray region to fit inside the beam at one time.  
 
 
Figure 2.2 Tube source radiography: The X-ray beam projects a cone angle and the 
intensity decreases in the presence of liquid. The resulting image can be 
correlated to local projected mass distribution (Figure not to scale). 
12 
 
2.2.2.2 Synchrotron white-beam imaging 
A synchrotron white-beam X-ray setup is shown in Figure 2.3. The beam is highly 
collimated in these setups because the source is far away from the test section. As the beam 
propagates through the spray, the intensity decreases. This concept is shown for the droplets 
in Figure 2.3 as each of the lines, representing a section of the beam, decreases in intensity 
depending on the path length of liquid through which it passes. After going through the 
spray, the beam illuminates a scintillator (not pictured), which creates a visible light image 
that is proportional to the incident X-ray intensity. The visible light image is then reflected 
off a mirror and captured by a high-speed camera with a long-distance microscope. 
Additional details of white-beam imaging are presented by Heindel (2018). 
 
 
Figure 2.3 Synchrotron white-beam X-ray imaging: The nearly parallel X-ray beams 
pass through a spray where the intensity decreases, dependent on the amount 
of liquid through which they pass. The resulting image can be correlated to 
the local projected mass distribution (Figure not to scale). 
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2.2.2.3 Synchrotron focused-beam radiography 
Focused-beam radiography is performed by first filtering the white-beam into a 
monochromatic beam, and then focusing the beam into a small cross-sectional area. The 
resulting beam is then used to acquire point measurements. As the beam passes through the 
spray, it reduces in intensity in the same way as white-beam imaging. After passing through 
the spray, the X-ray beam illuminates a diode that produces a current, proportional to the 
beam intensity, which is then recorded. By scanning across the spray, intensity as a function 
of time can be recorded at multiple point locations. Focused-beam radiography can be highly 
time-resolved.  
For focused-beam radiography, the beam is filtered so that it is monochromatic, 
which decreases the total intensity of the beam. To account for this, the beam is focused 
down to a point, which then increases the intensity of the beam per unit area. Using a 
monochromatic beam greatly simplifies the subsequent analysis, since X-ray absorption is 
strongly dependent on X-ray wavelength. A monochromatic beam eliminates beam 
hardening (where longer wavelengths are preferentially absorbed) so that Beer-Lambert’s 
Law provides an accurate measure of the quantity of liquid in the line-of-sight of the beam, 







where I0 is the incident beam intensity, I is the beam intensity after passing through the spray, 
and μ is the X-ray attenuation coefficient. By knowing the X-ray wavelength, the attenuation 
coefficient can be obtained from the NIST XCOM database (Berger et al., 2010) which is 
then used to obtain the effective path length EPL. Being able to compute the path length of 
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the liquid makes it possible to measure the mass distribution of the spray and for additional 
spray dynamic properties to be computed.  
The setup for focused-beam radiography is shown in Figure 2.4. The inset of the 
Figure shows a representative beam intensity as a function of time, changing as the droplets 
pass through the probe volume. A spherical droplet yields an elliptical curve whose 
maximum corresponds to its diameter when it is intersected at its center. Droplets that are in 
the same line of sight result in the superposition for multiple droplets in the measurement, 




Figure 2.4 Focused-beam radiography: Intensity of an X-ray beam that has been focused 
down to a point, decreases following Beer-Lambert’s Law as it passes through 
liquid (Figure not to scale). 
2.3 Near-field properties of sprays from X-ray radiography 
X-ray radiography produces images or point measurements of the optical depth or 
beam intensity variance. From these, qualitative structures, the liquid mass, void/liquid 
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volume fraction, spray angle, core length, penetration depth, droplet size, velocity, shock 
waves, and 3D computed tomography (CT) of the liquid mass fraction can be determined 
mathematically and/or observed. Each of these are covered below because most (excluding 
shock waves and penetration depth) are applicable to coaxial sprays, even if they have not yet 
been applied to this geometry. 
2.3.1 Qualitative structures  
Near-field spray breakup is often described through qualitative analysis of X-ray 
imaging. Structures in synchrotron images are often enhanced by using phase contrast 
imaging where the spray is far away from the detector. With phase contrast imaging, an 
increased distance between the spray and detector causes mild scattering at phase boundaries, 
producing bright edges around spray features (Als-Nielsen & McMorrow, 2011). Although, 
for quantitative measurements, the phase-contrast effect is not always desired, in which case, 
the distance between the spray and detector should be reduced. The dynamic structures that 
are visible from phase contrast imaging, include bag breakup, crown formation, and bubbles 
within droplets and liquid structures, are all visible from synchrotron white-beam X-ray 
imaging, as shown in Figure 2.5 (Heindel et al., 2017). Wrinkle structures on pure liquid jets 
can also be seen from synchrotron imaging (Lin et al., 2011). The high energy of the 
synchrotron beam enables penetration through the nozzle so that spray structures inside the 
nozzle can be visualized. Researchers have been able to visualize filaments, bubbles, and the 
interior progression of fluids mixing inside an injector (Lin et al., 2011). Interior nozzle 
imaging can also provide a view of liquid wicking up the outside of a liquid injector on a 
coaxial nozzle (Li et al., 2018). However, even with phase contrast imaging from a 
synchrotron beam, clouds of small droplets can inhibit visualization of spray dynamics 




Figure 2.5 Edited images from video (Heindel et al., 2017) showing changes in spray 
structures from synchrotron phase-contrast imaging of (a) coaxial spray at 
low momentum flux ratio with varied swirl to straight air ratio (SR) and (b) 
coaxial spray at high momentum flux ratio with varied SR. 
2.3.2 Liquid mass and void fraction  
Liquid mass distribution is one of the most direct values that can be calculated from 
X-ray imaging. The distance that the beam travels through liquid at any point is termed the 
equivalent path length (EPL). A map of EPL values throughout the spray is then the liquid 
mass distribution for that spray. For beams that are nearly monochromatic, a simplified 
version of Beer-Lambert’s law provides a measure of the EPL. For white-beam imaging 
(with a broadband tubewource), a calibration curve relates the beam intensity to the liquid 
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mass and provides the relationship between intensities and the EPL. Gomi & Hasegawa 
(1984) provided one of the first studies of the average liquid mass distribution from a spray, 
using a white-beam low energy X-ray source but focusing mostly on the region of the spray 
where droplets had formed. A more precise measure of the average liquid mass distribution 
was conducted by Powell et al. (2000) by utilizing a monochromatic synchrotron beam to 
measure the near-field of a phase synchronized injector. A monochromatic synchrotron beam 
was again used to show the liquid mass distribution of a injector where the imaging was 
synchronized with the injection period (Leick et al., 2007) but this time, using a 
near-standard production nozzle and injecting fuel into an atmosphere that was representative 
of an in-use diesel injector. An even more precise measure of the EPL, but with lower spatial 
resolution, was obtained by using focused-beam synchrotron radiography on a diesel injector 
(Kastengren et al., 2008). Focused-beam radiography provides a more accurate measure of 
the EPL because the beam is monochromatic, highly collimated, and almost a line-of-sight 
measurement (the beam is 4×5 μm)   
The void fraction of a spray is the volume fraction of air to total volume and provides 
insight into the amount and location of mixing that is occurring. Using a low energy X-ray 
source and assuming monochromatic energy, Pike et al. (1965) were able to obtain a 
reasonably accurate measure of the void fraction for fluid flow within a pipe. The liquid 
volume fraction (fraction of liquid to total volume) has also been obtained through 
white-beam phase contrast synchrotron imaging for a two-phase coaxial nozzle (Wang et al., 
2006). 
2.3.3 Spray angle 
The spray angle or core angle is a measure of the spread that a spray has as it 
progresses downstream. This is an important factor for nearly all sprays; for agricultural 
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sprays or paint this value provides an area of coverage; for engine sprays it affects the way 
that the fuel combusts. The core angle for a biodiesel injector was evaluated using 
monochromatic synchrotron X-ray imaging (Kastengren et al., 2009). The true spray angle, 
however, is not well defined because the edges of the jet are characterized by seldom 
occurring, often small, droplets. Pickett et al., (2014) explored this edge of jet phenomenon 
and determined that defining the jet edge as the location where the liquid volume fraction is 
1% to be the best approach. 
2.3.4 Core/ intact length/ penetration depth  
The core is not well defined by literature but is generally viewed as the region near 
the nozzle with a large quantity of liquid. The intact length is the length of a spray with 
continuous liquid from inside the nozzle. The core and intact length are identified on a 
shadowgraph of a coaxial spray in Figure 2.6. The penetration depth is the distance from the 
nozzle where a large quantity of liquid still exists and is generally applied to sprays with a 
phased injection cycle. For coaxial sprays the core is longer when the liquid to gas 
momentum ratio is lower. Flash X-ray radiography was used by Birk et al. (1995) to compare 
the core length and penetration depth of injectors at varying temperatures and ambient 
pressures. Lightfoot et al., (2015) used focused-beam radiography to determine an average 





Figure 2.6 Shadowgraph image of a spray with a low momentum flux ratio, showing 
important spray features including liquid core, ligament, liquid sheet, and 
droplets. Near-field, mid-field, and far-field regions estimated from spray 
features. 
2.3.5 Droplet size 
The droplet size of sprays can be measured in the far-field region using phase doppler 
particle analyzers (PDPA). The dense droplets in the nearfield complicates that measurement 
but several techniques have been employed to determine the droplet size with X-ray 
radiography. Droplet size and distribution are highly desired measurements because they 
affect nearly every spray, from pharmaceuticals to combustion sprays. Powell et al. (2013) 
showed that ultra small angle scattering is a valid technique for measuring droplet size from 
X-ray radiography. Additionally, Lin et al. (2011) also pointed out that bubble size inside of 




Spray velocity is another integral property of understanding spray breakup. For the 
far-field region of sprays this is determined through PDPA. For the near-field region of 
sprays, several techniques have been used to determine velocities. The leading and trailing 
edge velocities of diesel sprays were determined by synchronized focused-beam radiography 
where the data acquisition was synchronized with the injector. The time required for liquid 
leaving the nozzle to reach a particular axial distance provided information from which the 
velocity was calculated (Powell et al., 2000; Kastengren et al., 2007). Focused-beam 
radiography was also used to determine the velocity of liquid throughout the injection cycle. 
This was accomplished by interpolating across the EPL of the spray at a particular axial 
distance – this provided the relative cross-sectional density which was then used (Kastengren 
et al., 2007) White-beam X-ray imaging was also used to determine the velocity of sprays 
with structure tracking where an autocorrelation method determined the movement of 
features from a series of high-speed images (Wang et al., 2008). This structure tracking 
method is shown in Figure 2.7. 
 
Figure 2.7 Images from Wang et al. (2008), showing spray direction and velocity 
measurements taken from structure tracking of synchrotron X-ray images. 
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2.3.7 Shock Waves 
Signs that shock waves are present in a diesel injection system were shown from large 
amplitude fluctuations that were visible from monochromatic synchrotron imaging (Wang, 
2004). Shock waves from a diesel injector were later imaged with a monochromatic 
synchrotron beam, confirming their presence, as shown in Figure 2.8 (MacPhee et al., 2019).  
 
Figure 2.8 Shock waves propagate as the leading edge of the spray from a diesel injector 
travels downstream (MacPhee et al., 2019). 
2.3.8 Computed Tomography 
Three dimensional X-ray computed tomography (CT) of sprays is challenging 
because sprays are not steady in time and CT requires images from many angles to be taken 
at the same time. However, time-averaged 3D reconstructions are possible when averaged 
images are taken from multiple angles and then reconstructed. This type of reconstruction 
was shown by Halls et al. (2014), Coletti et al. (2014), and Li et al. (2017) where a low 
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energy, white-beam X-ray source rotated around a spray to take average images from 
multiple angles. The images were then used to reconstruct a time averaged 3D model of the 
spray. Synchrotron focused-beam radiography has also been used to reconstruct averaged 3D 
geometry from a hollow-cone diesel injector by scanning the beam across the spray at 
varying angles (Cai et al., 2003). A similar method, using synchrotron focused-beam 
radiography on a hollow-cone diesel injector, was also used to determine the time resolved 
3D geometry as shown in Figure 2.9 (Liu et al., 2009). 
 
Figure 2.9 Time resolved 3D reconstruction of the spray from a hollow-cone diesel 
injector (Liu et al., 2009) 
2.4 Summary 
Spray research can be broken into two categories, the near- and far-field, and consists 
of experimental, theoretical, and computational studies. Experimental studies of the 
near-field region of sprays mostly use shadowgraphy, and are limited because the region is 
optically dense. Computational models of the near-field region could provide useful insight, 
but are extremely difficult to build, and currently require experimental results to validate the 
models. However, novel X-ray techniques show promise in allowing a deeper analysis of the 
23 
 
sprays that can more easily be compared to computational models. The studies presented in 
this dissertation aim to explore the novel ways that X-ray and shadowgraphy techniques can 
be used to expand previous research, and fill knowledge gaps. 
Some of the major themes of previous research are qualitative structures of sprays, 
liquid mass and void fraction, spray angle, core/intact length/penetration depth, droplet sizes, 
and spray velocity. Shock waves have also been identified and studied from X-ray images, 
and some work has been completed using computed tomography to look at 3D structures. In 
this dissertation, the qualitative structures of sprays that have been defined previously will be 
identified for the specific coaxial spray used here, along with structures that have either not 
been identified before, or are not well known. The liquid mass of the specific spray used in 
this study will also be found. The spray angle from X-ray radiography will be measured and 
compared to shadowgraphy, to determine if an accurate spray angle can be found from 
shadowgraphy alone. The intact length from shadowgraphy will be measured and compared 
to X-ray radiographs to determine if an accurate estimate can be determined from averaged 
X-rays alone. Droplet size studies have focused on the far-field region with PDPA 
measurements or the near-field region with small angle scattering, but a method for 
determining the droplet size of the near-field from white-beam images will be explored here. 
A study will also be completed that expands a current method of finding spray velocity from 
focused-beam radiographs, so that the method can be used on a wider variety of sprays. As 
this research is part of a collaboration whose goal is to control sprays, an initial model of 
spray control will also be presented. In addition, the results will be shared with collaborating 
researchers who are working on a computational model of the same region of the same spray, 
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and with researchers who are completing experimental studies on the far-field region of the 
same spray.  
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CHAPTER 3.    EXPERIMENTAL SETUP 
Experiments described in this document were conducted at the 7BM beamline at the 
Advanced Photon Source at Argonne National Laboratory. The two types of testing that were 
used are white-beam radiography and focused-beam radiography, each of which had a 
different beam and capture setup. The flow loop setup, which is unique to these experiments, 
was held constant throughout all testing. However, two separate nozzles were used, one of 
which was manufactured from aluminum and the other from polyoxymethylene.  
The flow loop setup is described below, along with specifications for both the 
aluminum and polyoxymethylene nozzles. Then, the 7BM beamline setup at the Advanced 
Photon Source and the setup for white-beam radiography and focused-beam radiography are 
described.  
3.1 Flow Loop Setup 
The flow loop assembled in the 7BM-B hutch at APS is shown in Figure 3.1. The 
X-ray beam is in a fixed location where the intensity, wavelength range, and size can be 
slightly modified, so the flow loop setup was built around the technical specifications of the 
X-ray beam.  
The air inlet used in this setup comes from pressurized building air at APS. It first 
passes through a filter to ensure that the air supply is clean. Right after the filter, the air is 
partitioned into two lines, each of which has a pressure transducer to limit the air pressure 
that is fed to the system. One of the lines is partitioned into two more lines after the pressure 
transducer, one that feeds the straight co-flow air and another that feeds the swirl air. There is 
a ball valve on each of the air lines to force close the air line when it is not in use. Electronic 
proportioning valves and air flow meters are located after the ball valves and are used to 
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control and monitor the air flow rates. Each of the co-flow and swirl air lines are further split 
into four identical lines, after passing through the air flow meters, that are then attached to 
the upper portion of the nozzle to provide air flow into the test nozzle. The four lines that run 
from the air flow meters to the nozzle are kept at equal lengths and inner diameters (ID) to 
ensure equal head loss amongst the lines, shown in Figure 3.1. 
 
 
Figure 3.1  Schematic of the Advanced Photon Source (APS) experimental flow loop for 
white-beam imaging. 
After the filter, the other air line is fed into the water tank to create a pressurized 
section of air on the top of the tank that then provides the force necessary to push the water 
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through the water line. From there, the water moves through a ball valve that is used to close 
the water line when no tests are being performed. Then the liquid moves through an 
electronic proportioning valve and water flow meter, after which the line is split into two 
lines of equal length and ID. The two lines then feed into the two sides of the liquid chamber 
in the upper portion of the nozzle, shown in Figure 3.1. Note that two water lines were used 
in the aluminum nozzle. The polyoxymethylene nozzle was redesigned to allow for 
energizing the liquid needle and only had a single water inlet. 
The electronic proportioning valves and flow meters are connected to a data 
acquisition system that provides real time measurement and control. The electronic 
proportioning valves are controlled by an in-house LabVIEW Proportional, Integral, and 
Derivative (PID) active control system. Values from the flow meters are sent to the data 
acquisition system and are used as the feedback, as well as stored so that any natural 
phenomenon can be related back to the instantaneous flow measurement.  
Experiments described here used the 7BM beamline at APS which is setup 
specifically for taking radiographs of sprays. This beamline uses a bending magnet to 
produce X-rays that are then sent through two hutches. 7BM-A is the first hutch and is where 
some of the focusing and filtering optics work to produce a beam of the desired cross-section 
and wavelength. 7BM-B is the second hutch and is where the experiment is housed and 
additional X-ray optics are located. The optics were setup in two configurations for the 
studies described here; the configurations will be defined as white-beam and focused-beam, 
both of which are described in more detail below. The 7BM beamline is described in more 
detail in Kastengren et al. (2012). 
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3.1.1 Aluminum Nozzle 
The nozzle shown in Figure 3.2 contains an upper chamber for water and a lower 
plenum for gas. Water was injected into the chamber through two, 6.35 mm lines that entered 
on opposite sides of the upper portion of the chamber, and then was connected to a long 
aluminum needle with an internal diameter dl = 2.1 mm and an outer diameter at the liquid 
exit of Dl = 2.1 mm. Note the nominal liquid needle ID and OD were 2 mm and 3 mm, 
respectively, and differed from the actual values, which were measured through X-ray 
radiographic imaging, due to manufacturing tolerances and defects. The liquid needle was 
designed to produce fully developed Poiseuille flow. Additional schematics and information 
about the characterization of the nozzle can be found in (Machicoane et al, 2019). 
 
Figure 3.2  Schematic of aluminum nozzle from section view and gas inlet plane. 
Gas (air in this case) was injected into the plenum through eight lines, four of which 
had an inner diameter of 12.7 mm, evenly spaced around the shaft of the nozzle, shown in 
Figure 3.2. These four gas lines (termed “straight air”) are perpendicular to the water flow 
axis pointed directly as the nozzle centerline. The other four lines are 9.53 mm inner 
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diameter and are evenly spaced around the shaft and in the same plane as the straight air lines 
but offset to create rotation about the centerline (termed “swirl air”).  
The gas contraction region of the nozzle is a cubic spline shape with minimal angle, 
designed with the capability to produce laminar flow that is even throughout the nozzle. The 
cubic spline shape produces a flow with a thin boundary and turbulence layer (Hussain & 
Ramjee, 1976) which is advantageous at low flow rate conditions, when a laminar flow is 
required. The gas nozzle exit ID was dg = 10 mm. 
3.1.2 Polyoxymethylene Nozzle 
For later experiments, it was necessary to positively charge the liquid needle and have 
a grounding ring around the outer edge of the gas nozzle. To prevent current from passing 
through the nozzle to the grounded ring, it was necessary to build a non-conductive nozzle. 
Polyoxymethylene was the material of choice for this nozzle because of the ease of 
manufacturing the rigid material and its non-conductive properties as a plastic. The original 
design of the nozzle considered the electrification so the design of the nozzle did not have to 
change, only the material. 
The air flow works in the same way as for the aluminum nozzle. However, the liquid 
plenum had one entrance and was manufactured with aluminum to be charged with an 
attached electrode. The grounding ring was set on the exit plane of the nozzle, where it 
aligned with the outer edge of the gas nozzle. Figure 3.3 shows the aluminum and 
polyoxymethylene nozzle that were used in experiments. The pipe shown below the nozzles 




Figure 3.3  Nozzles used in experimental setup (a) aluminum nozzle (b) polyoxymethylene 
nozzle.  
3.2 Advanced Photon Source 
The Advanced Photon Source (APS) is a facility at Argonne National Laboratory that 
uses synchrotron technology to provide high energy X-ray beams. The APS works by 
accelerating electrons to nearly the speed of light where the electrons prefer moving in a 
straight line. When the beam is sent through a bending magnet, wiggler, or undulator to 
change its direction, and they emit a beam of energy that is in an X-ray spectrum.  
3.2.1 White-beam Radiography 
White-beam radiography is a method of capturing a series of spray images that are 
continuous in time. The setup for white-beam radiography is shown in Figure 3.1. As the 
beam entered the testing room (hutch 7BM-B), it first passed through a chopper wheel that 
was made of lead and spun at a given frequency, synchronized to the image acquisition, so 
that image sets were taken when the chopper was not blocking the beam. The chopper wheel 
was used to reduce the intensity of the beam for periods between data sets so that the 
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equipment would not be damaged by long exposures (Heindel et al., 2019). The chopper 
wheel was necessary for the white-beam setup because the beam used the full range of 
wavelengths available from the synchrotron beam, with minimal filtering, and was at a very 
high flux. After passing through the chopper wheel, the beam passed through the spray where 
the intensity of the beam decreased, depending on the amount of fluid it passed through. The 
beam was then received by a scintillator crystal that fluoresced in the visible spectrum, with 
an intensity proportional to the X-ray intensity, so that a camera could be used to capture the 
image. The visible light was then reflected by a mirror into a high-speed digital camera 
where an image was taken. The mirror was necessary because there is still radiation behind 
the scintillator crystal that would damage the camera if it were in the beam path.  
For white-beam imaging, data were taken as time series images of different regions of 
the near-field spray (spray near the nozzle). The number of time series images that could be 
taken consecutively was approximately 150 frames for most conditions and was determined 
for each condition based on the frame rate and chopper wheel speed required to prevent 
equipment damage. Approximately 13 sets of data were taken in each region of the spray 
field. A region was between 4.76 × 5.79 mm and 2.44 × 4.87 mm in size and was limited to 
these sizes by the size of the beam at lower capture rates and by a reduced camera resolution 
at higher capture rates. The area of interest in the sprays was larger than the imaging region 
and thus, had to be captured by taking image sets in several locations as shown in Figure 3.4. 
The region very near the nozzle has more overlapping images because of the interesting 




Figure 3.4  Sample of overlapping imaging regions from white-beam radiography with 
units in mm.  
Two cameras were used at separate times for white-beam imaging at APS. Both were 
equipped with lead shielding to minimize potential damage from radiation. Some tests used a 
Photron Mini AX50 camera with a 105 mm and 50 mm lens combination. The image capture 
rate varied between 6 and 13.6 kHz, where the faster capture rates were used for the higher 
gas flow rates to ensure quick moving dynamics were captured, but this resulting in a smaller 
imaging region. When taking images with the Photron Mini, the X-ray beam was only mildly 
filtered before passing through the spray, which insured that the beam was at its highest 
intensity. A 500 µm thick YAG:Ce scintillator crystal with imaging mirror cube and dichroic 
mirror were used in the setup. The other camera used in this work was a Photron SA-Z 
camera equipped with a 50 mm and 180 mm lens combination. Additionally, a 500 µm thick 
Si filter was used to increase the clarity of images, along with the 500 µm thick YAG 
scintillator crystal. The image capture rate for the SA-Z camera varied between 20 and 
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100 kHz where again, the higher capture rates were used for the conditions with higher gas 
flow rates.  
3.2.2 Focused-beam Radiography 
The focused-beam setup was similar to the white-beam setup, shown in Figure 3.1, 
but the chopper wheel was not used. Also, the scintillator and mirror were replaced with a 
PIN diode. For focused-beam radiography, the beam was focused down to a small area 
(4×5 µm) and data were taken by raster scanning across the spray. The synchrotron beam 
was filtered so that only a small range of wavelengths remained (approximately 
monochromatic) and focusing mirrors were used to reduce the size of the beam before it 
passed through the spray. Point measurements were then taken by raster scanning across the 
spray and taking measurements at multiple x-y locations.  
After passing through the spray, the beam hit a PIN diode consisting of a p-type 
semiconductor, an intrinsic semiconductor, and an n-type semiconductor. The diode allowed 
energy to pass through that was proportional to the intensity of the beam. From there, the 
current was sent to a high-speed oscilloscope and finally recorded by a computer. 
Focused-beam measurements were taken at a rate of 6.25 MHz and then those measurements 
were binned so that the effective data measurement rate was 270 kHz. 
3.3 Summary 
Experiments were conducted at the 7BM beamline at the Advanced Photon Source at 
Argonne National Laboratory. The two types of testing that were conducted were 
synchrotron white-beam X-ray imaging, and synchrotron focused-beam radiography. The 
flow loop setup was designed to be compatible with this testing facility, capable of 
implementing varying liquid and gas flow rates, and compatible with two nozzles. The two 
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Understanding the near-field region of a spray is integral to optimization and control 
efforts because this region is where liquid break-up and spray formation occurs, setting the 
conditions under which the spray dynamics evolve under the gas turbulence and droplet 
inertia. However, the high optical density of this region complicates measurements; thus, it is 
not yet well characterized. This paper is intended to compare four of the leading 
experimental techniques that are being used or developed to study the near-field region of a 
spray. These techniques are shadowgraphy, tube source X-ray radiography, high-speed 
synchrotron white-beam X-ray imaging, and synchrotron focused-beam X-ray radiography. 
Each of these methods is applied to a canonical spray, using the same nozzle, under identical 
flow conditions. Synchrotron focused-beam radiography shows that a time-averaged 
Gaussian liquid distribution is a valid approximation very near the nozzle, before the core has 
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broken apart. The Gaussian behavior continues as the spray progresses further downstream, 
showing self-similarity. A spray angle can be defined from the linear spreading of the 
Gaussian intensity distribution with downstream distance. The spray angle found from 
shadowgraphy is validated with focused-beam testing. Additionally, a novel method of 
estimating the intact length of the spray from different X-ray techniques, that uses broadband 
illumination, is presented. 
4.2 Introduction 
Coaxial atomizers are of interest in research because of their use as fuel injectors for 
gas turbines and engines, two-phase chemical reactors, and food processing (Lasheras 
& Hopfinger, 2000). Spray droplet characterization has been a primary focus of this research, 
especially in the combustion community (Aggarwal, 1998; Law, 1982). Some of the methods 
commonly used to study the far-field region of sprays include Laser Doppler Velocimetry 
(LDV), Phase Doppler Particle Analysis (PDPA), and Particle Image Velocimetry (PIV). 
However, each of these methods relies on the spray being broken into droplets, and are thus 
not applicable for studying the near-field region. The near-field region is where instabilities 
begin to develop, and is of utmost importance because of its role in setting up the primary 
combustion zone (Lightfoot et al., 2015). Fully characterizing this region is difficult because 
the thick liquid core reflects most visible light, impeding the use of most noninvasive 
measurement methods. Thus, the near-field region has not been studied with the depth and 
rigor that has been applied to the mid- or far-field region. 
Shadowgraphy and back-illuminated imaging are often used for studying sprays 
(Castrejón-García et al., 2011; Stevenin et al., 2012; Westlye et al., 2017). These visible light 
techniques are useful in making qualitative assessments about the spray and obtaining a 
measure of the core length, but it is challenging to estimate accurately other quantitative 
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measurements, such as spray angle. X-ray diagnostics have emerged recently as an 
alternative to optical diagnostics for studying the near-field region (Heindel, 2018; Linne, 
2013). Unlike visible light, X-rays are able to penetrate the dense liquid region, and their 
attenuation is related to the path length and density of the materials through which they pass. 
The attenuation can then be used to measure (or estimate if the attenuation is from a 
broadband source) the quantity of liquid present in the line of sight along the X-ray beam. An 
additional advantage of X-rays is the mild refraction and diffraction at liquid-gas interfaces, 
which enhances visualization (Kastengren et al., 2012). Ballistic imaging is another 
measurement technique that has been used to investigate the spray near-field (Linne et al., 
2009), but is not covered in this study. 
To understand how the data from these measurement techniques compare, this study 
uses an identical experimental setup and flow conditions to provide a side-by-side 
comparison of multiple techniques. The four techniques used in this study are shadowgraphy 
(as the visible light technique), tube source X-ray radiography, synchrotron white-beam 
phase-contrast imaging, and synchrotron focused-beam radiography. Core length and spray 
angle are the two major defining parameters of the spray near-field that are compared. An 
accurate measure for the core length was found from shadowgraphy and a method that uses 
X-ray techniques to estimate this length was developed. The spray angle was found from 
focused-beam radiography, and the spray angles from the other three methods were 
compared to this measurement. Additionally, the capabilities, advantages, and disadvantages 
of each technique are discussed. A complementary study using an impinging jet spray and 
structured light and 3-D X-ray CT reconstruction was completed by Halls et al. (2013). Using 
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the same impinging jet spray setup, Halls et al. (2014) compared 2-D and 3-D mass 
distribution measures to focused-beam measurements. 
4.3 Experimental setup 
4.3.1 Nozzle and Flow Conditions 
The nozzle used in these experiments, shown in Figure 4.1, is a canonical two-fluid 
coaxial atomizer (Machicoane et al, 2019). The liquid Reynolds number is defined by:  
Rel = (Uldl)/νl  (4.1) 
where dl = 2.1 mm is the inner diameter of the liquid nozzle, νl is the kinematic viscosity of 
the liquid, and Ul is the liquid mean exit velocity, calculated as Ul = Ql/Al where Ql is the 
liquid flow rate and Al is the exit area of the liquid nozzle. With dl = 2.1 mm and a liquid 
nozzle length of 110 mm, the length to diameter ratio is 52 ensuring a fully developed flow. 
The inner diameter of the gas nozzle at the exit is dg = 10 mm, and the gas Reynolds number 
is defined by: 
Reg = 4Qtot/(πdeffνg)  (4.2) 
where Qtot is the total gas flow rate, and νg is the kinematic viscosity of air. The effective 
inner diameter of the gas nozzle (deff) is defined as: 
 deff = (dg2 – Dl2)1/2 (4.3) 
which is the diameter of a circle with the same exit area as the gas nozzle, and Dl = 2.7 mm is 
the outer diameter of the liquid nozzle. The total gas flow rate is composed of straight and 
swirl air. As shown in Figure 4.1, straight air enters the gas plenum directed at the liquid 
needle centerline whereas swirl air enters the gas plenum tangent to the plenum wall (which 




Figure 4.1  Nozzle schematic showing liquid and gas inlets of a two-fluid coaxial nozzle. 
QNS shows the locations for straight air flow and QSW shows how swirl air is 
added (this functionality is not utilized in the current study).  
The momentum flux ratio (M) is defined by: 
 M = (ρgUg2)/(ρlUl2)  (4.4) 
where the subscripts g and l define the gas and liquid properties, respectively, and ρ is the 
fluid density. Additionally, the Weber number (We) and mass loading ratio (m) are defined 
by: 
 We =  ρgUg2dl/ σ  (4.5) 
 m = (ρlUlAl)/(ρgUgAg)  (4.6) 
where σ is the interfacial tension.  
All length scales have been nondimensionalized with dl where appropriate; hence 
Y = y/dl is the spanwise coordinate and X = x/dl is the axial coordinate originating at the 
nozzle exit. The liquid flow rate is constant for all test conditions considered in this study, 
yielding a fixed Reynolds number of Rel = 1,100 to ensure laminar flow, with a large We and 
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small m to ensure that the breakup and interfacial instabilities are driven by the gas (Lasheras 
et al., 1998; Lasheras & Hopfinger, 2000). The gas flow conditions selected for this study are 
summarized in Table 4.1 
 Table 4.1 Gas Reynolds number, momentum flux ratio, Weber number, and mass 
loading for each condition used in this study. 
𝐑𝐞𝐠 𝐌 𝐖𝐞 𝐦 
21,200 6.0 40.3 0.55 
31,100 12.9 86.8 0.37 
46,500 28.9 194.1 0.25 
69,300 64.1 430.5 0.17 
 
4.3.2 Shadowgraphy  
High-speed back-illuminated imaging and shadowgraphy have been widely used for 
studying sprays because the interfaces between the liquid and gas regions are easily visible 
(Castrejón-García et al., 2011; Stevenin et al., 2012; Westlye et al., 2017). The images 
generally show the entire region of interest of the spray at a high temporal resolution, which 
enables spatiotemporal analysis of the data. However, it is not possible to capture internal 
details of the spray. Additionally, dense clouds of droplets obscure the light, so they cannot 
be distinguished from patches of liquid.  
Shadowgraphy experiments in this study were conducted using a red light emitting 
diode (LED) panel, schematically shown in Figure 4.2 Although the light coming from this 
source was not truly parallel, as it would be in shadowgraphy, it has less than 5 degrees 
divergence so it was  considered parallel with negligible error, for simplification in the 
analysis. As light passes through the spray, it is reflected, refracted, and diffracted away from 
its original path wherever liquid is present; this creates a shadow in the resulting image. 
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Using a visible light source makes shadowgraphy subject to multiple scattering, also shown 
in Figure 4.2, where the light reflects and diffracts off of multiple droplets, decreasing the 
sharpness and contrast of the resulting image. The high curvature of droplets also tends to act 
as a lens, focusing light to the center of the shadow, which results in a bright spot in the 
center of larger droplets. 
 
Figure 4.2  Shadowgraphy: High-speed imaging using visible light to capture a still 
shadow of a spray (schematic not to scale). 
4.3.3 X-ray Imaging 
Another current method of imaging sprays uses X-rays rather than visible light 
(Heindel, 2018). The primary advantage of this type of measurement is that the X-rays 
attenuate (but not reflect and barely refract) as they pass through liquid, greatly reducing 
refraction and multiple scattering. The resulting images provide internal details of the spray. 
This study compares the images taken from two types of X-ray producing devices, a tube 
source and a synchrotron. The two are considered independently because of the difference in 
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how they produce X-rays and the large disparity in the radiation intensity the sources 
produce, which leads to different types of X-ray measurements. 
4.3.3.1 Tube Source X-rays 
Tube source X-rays are produced when electrons are accelerated with a high voltage 
electric field in a cathode ray tube where the electrons impact a metal target (anode) which 
decelerates the electrons, emitting radiation in the X-ray spectrum. Figure 4.3 schematically 
shows the tube source X-ray setup used in current experiments at Iowa State University’s X-
ray Flow Visualization Laboratory, which has been described in detail elsewhere (Heindel et 
al., 2008). The X-ray source has a cone-shaped beam and contains a wide range of photon 
energies, referred to as broadband X-rays or white-beam X-rays. As the beam propagates 
through the spray, a fraction of the photons are absorbed by the liquid so that the beam 
intensity decreases; the decrease is a function of the fluid medium, the amount (path length) 
of fluid, and the X-ray photon energy. Rather than using the equivalent path length (EPL) of 
the spray, calculations from tube source radiography use the optical depth values directly 
which are equivalent to μ*EPL, where µ is the X-ray attenuation coefficient (Li et al., 2019). 
Note that µ is a function of the material through which the X-rays pass, as well as the 
wavelength of the X-ray energy, and is typically tabulated for monochromatic X-ray sources, 
but is a complicated function for polychromatic X-ray sources common in tube sources. The 
relatively low intensity of the tube source used in this study requires an exposure time of 20 
ms, and acquisition speeds of the order of 10 FPS, which are too slow to capture fast-moving 
events, so the resulting images become blurred. The blurring makes it difficult to interpret 
individual images, but these can be time-averaged for mean spray measurements. 
Additionally, the tube source has a relatively large focal spot, which results in a non-
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negligible penumbra effect (caused by X-rays hitting the same spot on an occluding object 
from different angles), causing blurred edges. One advantage of the tube source is the larger 
X-ray beam, which allows the entire spray region to fit inside the beam at one time. The field 
of view for radiographs in this study was 22.5 × 26 mm, the tube voltage was 50 keV, and 
the current was 2.0 mA. More details about the tube source X-ray setup can be found in 
Heindel et al. (2008) or the setup of  Li et al. (2018). 
 
Figure 4.3 Tube source radiography: The X-ray beam projects at a cone angle and the 
intensity decreases in the presence of liquid. The resulting image can be 
correlated to local projected mass distribution (figure not to scale). 
4.3.3.2 Synchrotron X-rays 
The synchrotron beamline used for the measurements in this study was the 7-BM 
beamline at the Advanced Photon Source at Argonne National Lab; the setup is detailed 
elsewhere (Kastengren et al., 2012; Heindel, 2018). The synchrotron source provides 
extremely intense X-rays with an energy range of 5.1-12 keV that are created by fast-moving 
electrons when they are steered by bending magnets or undulators. Using this X-ray source 
for radiography of sprays is advantageous because the high X-ray intensity enables 
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microsecond exposures and kilohertz frame rates. This permits the acquisition of time-
resolved measurements or images, which allows for the capture of dynamic events and 
minimizes motion blur. The beam is also highly collimated, which minimizes the penumbra 
effect, and increases the phase-contrast effect. 
4.3.3.2 Synchrotron white-beam imaging 
White-beam phase-contrast imaging is named because the beam is not a single 
wavelength but, instead, uses the broadband emission from the X-ray source. The phase-
contrast effect is caused by refraction and Fresnel diffraction where a relatively large 
propagation distance increases the intensity of phase boundaries. The white-beam phase-
contrast X-ray setup is shown in Figure 4.4. The beam is highly collimated and the source is 
approximately 35 m from the test section. The maximum beam size is approximately 
6 × 8 mm. As the beam propagates through the spray, the intensity decreases. This concept is 
shown for the droplets in Figure 4.4 as each of the lines, representing a section of the beam, 
decreases in intensity depending on the path length of liquid through which it passes. After 
going through the spray, the beam illuminates a scintillator (not pictured), which creates a 
visible light image proportional to the incident X-ray intensity. The visible light image is 
then reflected off a mirror and captured by a high-speed camera. Additional details of white-
beam phase-contrast imaging are presented by Heindel (2018). 
4.3.3.2.1 Synchrotron focused-beam radiography 
Focused-beam radiography in this study was performed by first filtering the white-
beam into a monochromatic beam, and then focusing the beam into a small cross-sectional 
area of 5 × 6 µm at 8 keV. The resulting beam was then raster-scanned across the spray to 
acquire line-of-sight measurements. For focused-beam radiography, as the beam passes 
through the spray, it reduces in intensity in the same way as white-beam imaging. After 
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passing through the spray, the X-ray beam illuminates a PIN diode that produces a voltage, 
proportional to the beam intensity, which is then recorded. By scanning across the spray, 
intensity as a function of time signals are recorded at multiple locations. Focused-beam 
radiography can be highly time-resolved. In this study, focused-beam radiographs are taken 
at an effective frequency of 270 kHz for 10 sec. at each line-of-sight location in the spray. 
 
 
Figure 4.4 Synchrotron X-ray imaging: The nearly parallel X-ray beams pass through a 
spray where the intensity decreases, dependent on the amount of liquid 
through which they pass. In actual images, the edges are enhanced by a bright 
region around the droplets (phase-contrast effect, not shown in this Figure). 
The resulting image can be correlated to the local projected mass distribution 
(Figure not to scale). 
Because this setup requires the beam to be focused to a small cross-sectional area, the 
full power of the beam is not required, which enables the use of a nearly monochromatic X-
ray beam. This greatly simplifies the subsequent analysis, since X-ray absorption is strongly 
dependent on X-ray wavelength. A monochromatic beam eliminates beam hardening 
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(preferential absorption of lower energy radiation) so that Beer-Lambert’s Law provides an 
accurate measure of the EPL: 
EPL = (1/μ) ln(I0/I) (4.7) 
where I0 is the incident beam intensity, I is the beam intensity after passing through 
the spray, and μ is the X-ray attenuation coefficient. By knowing the X-ray photon energy, 
the attenuation coefficient can be obtained from the NIST XCOM database (Berger et al., 
2010) which is then used to obtain the equivalent path length (EPL). Being able to compute 
the instantaneous EPL of the liquid makes it possible to measure the mass distribution of the 
spray, as well as for additional spray dynamic properties to be computed.  
 
Figure 4.5 Focused-beam radiography: Intensity of an X-ray beam, that has been 
focused down to a small cross-sectional area, decreases following 
Beer-Lambert’s Law as it passes through liquid (Figure not to scale). 
The setup for focused-beam radiography is shown in Figure 4.5. The inset of the 
figure shows a representative measured beam intensity over time, changing as the droplets 
pass through the probe volume. A spherical droplet yields an elliptical curve whose minimum 
corresponds to its diameter when it is intersected at its center. Droplets that are in the same 
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line of sight result in the superposition of multiple droplets in the measurement, giving more 
complex results and making it difficult to distinguish the signal from each droplet. 
4.4 Results 
4.4.1 Shadowgraphy  
A shadowgraph image of the spray is shown in Figure 4.6 where many of the visible 
spray characteristics are identifiable. The liquid core is nearest to the nozzle and 
characterized as a continuous section of thick liquid that has not yet broken apart. Primary 
breakup can be seen, leading to the formation of ligaments and liquid sheets. As ligaments 
move further downstream, they break up into large droplets while liquid sheets break into 
smaller droplets. Once the primary breakup process is finished and the liquid moves to the 
mid-field region, the spray has become more dilute and broken into droplets that continue to 
split apart as the turbulent gas flow advects them downstream. When using shadowgraphy, 
large particles can be seen, but their smaller neighbors often go unobserved because of the 
low contrast at that scale and the insufficient spatial resolution. Additionally, a percentage of 
smaller droplets is not captured  when the light source is not perfectly parallel. The minimum 




Figure 4.6 Instantaneous shadowgraph image from a high-speed spray sequence, taken 
at Rel = 1,100 and Reg = 21,200 with a frame rate of 10 kHz and exposure 
time of 1 µs.  
For this study, from the grayscale shadowgraph, where the background was light and 
the liquid was dark, image thresholding was used to create a binary image that defined the 
gas-liquid interface. However, the center region of the liquid droplets and the liquid jet core 
were lighter or the same intensity as the background because the liquid acted as a lens and 
focused the illumination; this was corrected through image processing when binarizing the 
images. A global, bimodal threshold that minimized the weighted within-class variance was 
applied to all images, which provided binary images with minimized thresholding error. 
After identifying the location of the liquid, the intact length (longitudinal extent of the 
instanteous section of liquid still fully attached to the nozzle) from each image was averaged 
together. The error in intact length measurements from shadowgraphy images was calculated 
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to be 15% by Charalampous et al. (2016) for a spray with a more dense droplet field, so the 
experiments here are estimated to have at or below 15% measurement error. The average 
intact length as determined by shadowgraphy for varying flow rates will be compared to 
other methods below. 
4.4.2 Tube Source X-rays 
A time-average tube source X-ray radiograph, representative of the images taken for 
this study, is shown in Figure 4.7. The canonical nozzle is the bright region along the top of 
the image, and the image has been normalized to emphasize the spray region, which appears 
as the dark region. The spray in the original tube source radiograph is close to a time-average 
image because the exposure time of 20 ms long compared to flowfield time scales. The 
darker regions represent a longer liquid pathlength, and the lighter regions represent less 
attenuation by the liquid. To increase the contrast between the liquid and the gas background, 
the liquid was doped with potassium iodide (KI) at a concentration of 20% by mass, which 
provides measurements with an estimated measurement error of 5%. Past studies have shown 
that a KI concentration of up to 20% has a negligible effect on the density and viscosity of 
water, and a KI concentration of 20% by mass does not affect beam hardening (Halls et al., 
2014). The image shown in Figure 4.7, at a resolution of 327 × 377 pixels, covers an area that 
is 10.7 × 12.4 dl (22.5 × 26 mm), and is from a video sequence that was acquired at a rate of 





Figure 4.7  Tube source X-ray radiograph. Single radiograph normalized to emphasize 
the spray region showing the liquid mass distribution for the entire flow field 
region of interest. The momentum flux ratio was 6.0 with an image capture 
rate of 10 FPS. Gas and liquid conditions are Rel = 1,100 and Reg = 21,200. 
A flat-field correction was first used to reduce the fixed noise pattern and then 
averaged over several seconds, to get a mean picture of the spray attenuation. The optical 
depth is used in these measurements because the X-ray attenuation coefficient is not 
precisely known for the broadband tube source (Li et al., 2019).  
 4.4.3 Synchrotron White-Beam Imaging 
Figure 4.8 shows several synchrotron white-beam images from locations along or 
near the centerline of the spray. Each image has an exposure time of 1.05 µs and was taken 
from a series of X-ray images that were captured at a rate of 6 kHz with a Photron FastCAM 
Mini AX50. The images were taken at different locations along the spray, as the beam size is 
much smaller than the width of the spray; thus, they could not be taken synchronously. This 
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highlights a notable difference with the tube source X-ray imaging used in this study. The 
tube source was able to image the spray in its entirety, but at a slower frame rate and lower 
flux, whereas the synchrotron white-beam imaging provided high-speed high-resolution 
images but over a smaller field of view. The synchrotron beam was setup for phase-contrast 
imaging in this study, which enhances the edges of phase differences, making the liquid-gas 
interface more clearly delineated. However, the analysis presented below does not use the 
phase-contrast effect, but rather treats the technique as attenuation only imaging. 
 
Figure 4.8 Synchrotron white-beam X-ray images were taken near, or along the 
centerline (Y = 0) while the X distance increases with X = 0 corresponding to 
the jet exit. X and Y locations were non-dimensionalized by dl, and identify the 
image center. Rel = 1,100 and Reg = 21,200 with a capture rate of 6 kHz and 
an exposure time of 1.05 µs. 
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Unique spray characteristics are distinguished in each image. Unlike shadowgraphy 
that mostly shows a binary representation of the liquid location, synchrotron X-ray imaging 
measures the optical depth, which is related to the amount of liquid that is present in the 
projected image. Hence, the ability to do high-speed X-ray imaging provides more details 
and highlights many spray features that are not observed with other imaging methods, such 
as overlapping droplets and liquid features. The liquid core in the spray shown here was more 
complex than a simple jet with bag formation, as shown in Figure 4.6 with shadowgraphy. 
The phase-contrast image at the nozzle exit (X = 0.8, Y = 0) shows the initial formation of 
bags and ligaments, even before one nozzle diameter away from the nozzle exit plane. 
Moving downstream (X = 2.3, Y = 0), internal structures of the core continue to be seen as 
bags start to form. Then, the spray begins to form thin liquid sheets and ligaments (X = 3.8, 
Y = 1.5) which break apart as they advect downstream to form small and large droplets, 
respectively. One particular challenge with high-speed X-ray imaging is that specific flow 
features are all imaged in the same projection, shown as “stacked features” in Figure 4.8 
(X = 6.8, Y = 0). However, one example of the unique features of this imaging method is the 
ability to capture air bubbles within the liquid region (X = 6.8, Y = 0). 
4.4.4 Synchrotron Focused-Beam Radiography 
Synchrotron focused-beam radiography provides an X-ray intensity measurement as a 
function of time. In this study, an effective signal acquisition rate of 270 kHz over a 10 sec. 
period was recorded at each raster scan location. The instantaneous intensity signal is then 
used with Beer-Lambert’s Law Equation (4.7) to determine the instantaneous equivalent path 
length (EPL). Averages at each location were used to obtain contour maps of the spray over 
the entire flow field. Because data were taken at discrete locations, the data were linearly 
interpolated to estimate the EPL values between acquisition locations. For the given flow 
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conditions, the maximum EPL was larger than the inner diameter of the liquid nozzle, 
showing that the liquid spreads out slightly after leaving the nozzle, wetting the outer liquid 
needle surface, so the initial jet diameter is approximately equal to the outer needle diameter, 
but still remains intact. This is confirmed by images from synchrotron white-beam phase-
contrast imaging (Li et al., 2017). Using the same method as Kastengren et al. (2008), the 
absorption coefficient in Beer-Lambert’s law has an uncertainty of approximately 1.5%, and 
the measurement positions have an axial uncertainty of ±20 µm and a spanwise uncertainty 
of ±5 µm. The total measurement uncertainty is therefore estimated to be ±3.2%.  
A sample of the instantaneous EPL from focused-beam data at (X, Y) = (2.38, -0.48) 
from a short time span (1.6 ms) is shown in 4.9a. These data were acquired by raster 
scanning across the spray and pausing at each data point location for 10 seconds to collect 
data, which was long enough to gather good statistical data for the time-varying system. 
From plots like these, the times when there was no liquid present are evident because the 
equivalent path length is very near zero. Individual droplets passing through the focused-
beam are easily identified by elliptical curves in EPL. For much of the signal, however, the 
precise spray dynamics are difficult to discern because the signal is composed of several 
overlapping projected liquid dynamics; one of these regions is identified in Figure 4.9a as 




Figure 4.9 Focused-beam PIN diode signal, with Rel = 1,100 and Reg = 21,200: (a) a 
short sample of focused-beam data showing the instantaneous effective path 
length as a function of time, taken at X = 2.38 and Y = -0.48 and (b) the 
average EPL/dl from one scan across the spray at X = 2.38. 
4.4.5 Self-Similarity 
To determine if the spray angle can be accurately described as the angle between two 
straight lines, it was first necessary to determine if the spray was self-similar and widening in 
a linear fashion. It has been established that the quantity of liquid present in the cross-
sectional area of a spray field can be described by a self-similar Gaussian curve in the mid-
field region (Powell et al., 2000; Yue et al., 2001). The Gaussian distribution follows the 
velocity in single-phase jets (Van Wissen et al., 2004).  
Using focused-beam raster scans that span the width of the spray, a Gaussian curve fit 
accurately represented the EPL data in the span-wise direction for all cases of the spray that 
were tested with data that were taken 1dl or farther from the nozzle exit plane. To visualize 
the self-similarity of the data, the EPL was scaled so that: 
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EPLscaled = EPL(x,y)/EPL(x)max (4.8) 
where EPL(x)max was the maximum EPL at each axial (x) location. Additionally, the EPL 
distributions were scaled for the spray width using the Y location corresponding to 2σ where 
σ is the standard deviation, so that yscaled = y/y|2σ. This scaling collapsed all the data, proving 
self-similarity. A sample of the scaled data for Rel = 1,100 and Reg = 21,200 is shown in 
Figure 4.10a.  
 
Figure 4.10  Reg = 1,100 and Rel = 21,200, showing (a) self-similar jet profiles, scaled by 
EPLmax and 2σ, and (b) average EPL/dl contour map showing the jet 
spreading angle, θ, and the intact length, Lb. 
4.4.6 Spray Angle Comparison 
The results from focused-beam radiography, shadowgraphy, and tube source 
radiography were all used to create a time-averaged spray map. For focused-beam 
radiography, the average spray map represented the average EPL, as shown in Figure 10b. 
For shadowgraphy, the average spray map was an average of binarized images representing 
the probability of the presence of liquid. For tube source X-rays, the average spray map 
represented the averaged intensity which is linked to the optical depth, and was created after 
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individual images were normalized with the background intensity, shown in Figure 4.7. The 
phase-contrast imaging presented here does not provide sufficient information to calculate 
the spread angle because the phase-contrast imaging region did not capture the entire spray. 
Stitching phase-contrast images together was not possible because the incident X-ray flux 
from the synchrotron varied with time, producing non-uniform background intensities from 
one imaging region to another. The period of the X-ray flux variance ranged from 
milliseconds to several hours and developing a method of adjusting images based on the flux 
variance was beyond the scope of this study. 
At any given axial location, a Gaussian curve fit was applied to the data and the y-
location of 2σ from the Gaussian curve was defined as the edge of the spray for this study. 
The spray angle was then defined as the angle between the two lines that connect the 2σ 
locations. This angle is shown as θ for M = 6.0 in Figure 4.10b. Using the 2σ location as the 
spray edge is an arbitrary choice, but is valid for comparison because the angle would scale 
with the Gaussian distribution so that the spray angle for any σ location could be calculated 
by multiplying the current spray angle by a constant. 
Comparing the spray angle obtained from shadowgraphy, focused-beam radiography, 
and tube-source radiography gives different results for low gas momentum flux ratios. At 
higher gas momentum flux ratios, the results are much closer for all three methods, as shown 
in Figure 4.11. At low momentum flux ratios, as the spray progresses further downstream 
(beyond the measurements from focused-beam radiography) the spray angle increases. This 
explains the larger spray angle for shadowgraphy and tube-source radiography, because they 
both captured a larger spray field of view. As the gas momentum flux ratio increases, the 
spray angle found from the three methods are more similar because the physical extent of the 
59 
 
near-field becomes smaller and the three imaging methods capture the same physics in their 
different fields of view. This shows that the spray edge at lower momentum flux ratios are 
not completely straight. Improved measurements would have focused-beam measurements 
further downstream, to ensure the same spray field for all measurement techniques. The most 
accurate value of the spray angle is found through focused-beam radiography because of the 
high precision of the measurements. The angle found from tube-source radiography is more 
accurate than shadowgraphy since the average map of shadowgraphy shows the presence or 
not of liquid, rather than the amount of liquid. However, the high correspondence between 
tube-source measurements and shadowgraphy show that the probability map found from 
shadowgraphy could be used with acceptable accuracy for finding the spray angle at high 
momentum flux ratios. 
 
Figure 4.11  Comparison of spray angle for multiple testing techniques at varying 




4.4.7 Intact Length Comparison 
The intact length (Lb) of a spray is defined as the average axial length at which the 
liquid remains attached to the nozzle. This attachment is either caused by a liquid core or 
ligaments that remain connected to the liquid at the nozzle tip. The intact length for 
shadowgraphy (Lb,SI) was computed by measuring the intact length from a series of images 
using image processing to determine the longitudinal extend of the liquid core on each 
instantaneous image. The lengths were then averaged, as shown in Figure 4.12, for varying 
gas momentum flux ratios. Visual inspection of the intact length from the image series 
showed minimal error from detached ligaments and droplets that obscured the measurement, 
even in sprays with higher momentum ratios where droplet clouds are present. For sprays 
with a denser cloud of droplets surrounding the liquid core, it will often be necessary to 
estimate the intact length from other measurements, such as X-ray radiography. The method 
for estimating the intact length is below.  
 
Figure 4.12:  Comparison of intact length for multiple testing techniques at varying 




For measurements that use the EPL, the core length has been shown to correlate to the 
distance where the average EPL along the centerline is 30% of the maximum EPL (EPLmax) 
along the centerline of the particular spray (Lightfoot et.al., 2015). It is important to note that 
the core length and intact length are not the same measure and the core length does not have 
a consistent definition throughout the literature. However, using the same technique as 
Lightfoot et al. (2015), a ratio of EPL to EPLmax was defined that provides a reasonable 
estimate of the intact length. For focused-beam radiography, the ratio found that provides the 
most accurate intact length is Lb,FB = 0.02*EPL(x0)max. The Lb,FB ratio was found by 
determining the EPL value along the centerline, at the intersection of the intact length (as 
found from shadowgraphy). Because focused-beam radiographs are point measurements, if 
the intact length location did not lie on a point, the values between points were estimated 
using a linear fit between the two nearest axial locations. A comparison of the results shows 
that a good estimate of the intact length was found from focused-beam imaging, shown in 
Figure 4.12.  
The same method was used to estimate the intact length from tube-source X-ray 
images. The ratio of intensity along the centerline was calculated for (I/I0) as 20% where 
Lb,TS = 0.20*Imax(x0)/I0, indicating that the threshold may be a function of the X-ray power 
and spectrum. The resulting intact lengths from this method are shown in comparison to the 
more direct measurements from shadowgraphy in Figure 4.12. The high correspondence 
between the shadowgraphy and tube-source radiography intact lengths show that the estimate 
from tube-source radiography was a reasonable estimate. 
Phase-contrast images were not used in estimating the intact length because the field 
of view was too small so the spray had to be imaged in sections. Thus, the core or attached 
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ligaments did not all fit into one imaging frame. Additionally, the differences in the projected 
intensity between spray regions where the liquid core was intact and where it was broken into 
a multitude of large liquid droplets made the detection of intact length uncertain. The 
intensity difference could be magnified in future experiments by doping the liquid with a 
sensitizer, similar to the KI that was added to the water for tube source X-ray imaging. 
4.5 Discussion 
Shadowgraphy required less time for data acquisition because the system was capable 
of capturing a large portion of the flow field in a single set-up. Unlike X-ray images, 
shadowgraph images do not show the internal dynamics of sprays or the initial bag and 
ligament formation, so they can only be used where a binary image showing the outline of 
the spray will suffice. Shadowgraphy is a great option for obtaining the core length of a spray 
and an excellent option for initial testing or proof of concept testing to qualitatively assess 
the spray uniformity. 
With tube-source radiography, it was not possible to capture all the same breakup 
dynamics as with the synchrotron beam or shadowgraphy because a longer exposure was 
required to account for the low intensity source. However, it was possible to capture the 
entire spray region in the same image, which was not possible with synchrotron imaging. 
One of the largest benefits of using a tube-source X-ray setup is the ease of access when 
compared to the synchrotron source because it is possible to install a tube-source in a 
university or industrial lab setting. 
Synchrotron phase-contrast imaging works well for qualitative space- and time-
resolved analysis of the spray features. The images showed droplet formation, bubbles, 
ligaments, as well as bag formation and breakup. An image time series (i.e., video) can also 
show complex breakup events with internal air bubbles (Li et al., 2017). Quantitative 
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measurements from white-beam images are possible but were challenging in this study 
because of the small intensity differences between the regions with and without liquid, and 
the inability to correlate objects across imaging regions.  
Focused-beam radiography yielded accurate EPL values for the near-field region of 
the spray. They were also highly time-resolved and were used to find the equivalent path 
length statistics. However, the line-of-sight measurements do not allow for spatial and 
temporal information to be acquired at the same time unless the spray is highly repeatable 
and the data acquisition system is phase-locked (which was not the case in this study). 
Focused-beam measurements often require another experimental technique such as 
shadowgraphy or synchrotron white-beam measurements to probe the spray in a 
complementary way. The mechanisms of breakup can be made evident through imaging and 
then quantitative statistics from the focused-beam measures can better quantify spray 
parameters.  
4.6 Conclusions 
Using focused-beam radiography, a Gaussian distribution of the EPL was found near 
the exit plane. The Gaussian behavior continued to exist as the spray progressed downstream 
with EPL(x)max decreasing and the spray width increasing. Scaling the spray based on the 
EPL(x)max, and the 2σ width of the Gaussian fit as the spray edge, shows the EPL 
distributions collapsing into a single curve, proving that they are self-similar.  
An accurate measure of the spray angle was determined using focused-beam 
radiography and tube-source radiography. The spray angle from shadowgraph imaging 
provided similar results to those from focused-beam radiography and tube-source 
radiography at high gas momentum flux ratios. However, focused-beam radiography showed 
a smaller spray angle at low gas momentum flux ratios because the angle changes 
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downstream and the spray region that was required to get a reasonable estimate at these 
conditions was larger than the field of view used in this study for focused-beam radiography. 
Although the spray angle from shadowgraphy came from a binary distribution of the 
probability of liquid intercepting the light beam, rather than an average EPL, the results show 
that it can provide a reasonable estimate of the spray angle. 
The intact length was most accurately determined through shadowgraphy. For 
focused-beam radiography, a threshold value of 2% of the EPLmax along the centerline of the 
jet resulted in a strong correlation with the results from shadowgraphy. The threshold value 
for tube-source imaging that provided the most accurate intact length is 20% of the Imax 
which also showed good correlation to the intact length from shadowgraphy. 
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5.1 Abstract 
Studying the near-field region of sprays is particularly challenging because it is 
optically dense. However, energy in the X-ray range is capable of penetrating this dense 
region and obtaining information that would otherwise be unavailable. Through time 
resolved X-ray radiography, a better understanding of the near-field region is currently being 
developed. The 7-BM beamline at the Advanced Photon source at Argonne National Lab was 
focused down to a 5 x 6 μm cross sectional area. The attenuation in the beam, which is used 
to calculate the effective path length of liquid, was then collected at an effective rate of 270 
kHz for 10 seconds. Various statistical measures were applied to the X-ray focused-beam 
measurements including average, standard deviation, skewness, and kurtosis, to quantify the 
spray from a cononical coaxial airblast nozzle. Results show that the average effective path 
length is useful in determining the intact length and spray angle. The capabilities of 
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additional statistical measures in determining important spray characteristics will also be 
discussed. 
5.2 Introduction 
Coaxial airblast sprays are of interest because of their use in the fuel injectors for gas 
turbines and jet engines, two-phase chemical reactors, spray drying, and food processing 
(Lasheras & Hopfinger, 2000). Many past studies of sprays have utilized visual light for 
phase Doppler anemometry (Ofner, 1993), particle image velocimetry (Raffel et al., 1998), 
and shadowgraphy (Caterjón García et al., 2011). However, the near-field region of a spray is 
difficult to visualize with visible light because the region is optically dense. Recently, X-ray 
radiography for visualizing and measuring the near-field region of sprays has gained traction. 
(Heindel, 2018). Many of these studies focus on diesel injectors and find properties such as 
the velocity of diesel being injected (MacPhee et al., 2002) and mass accumulation of the 
diesel (Kastengren & Powell, 2007). 
Studies about adding swirl to the air portion of a coaxial spray show that atomization 
is at the highest value when the swirl ratio (SR) value is around 0.45 (Hopfinger & Lasheras, 
1996). This study uses a synchrotron X-ray beam, focused to a small cross-sectional area and 
raster scanned across the spray, to take highly time-resolved measurements. Various 
statistical metrics of focused-beam measurements bring a novel perspective to the effect of 
adding swirl to the air portion of a coaxial spray. 
5.3 Experimental Methods 
Experiments were conducted at the 7-BM beamline at the Advanced Photon Source 
(APS) at Argonne National Laboratory. 
APS uses synchrotron technology to provide high energy X-ray photon beams. The 
electrons move around a storage ring where a series of bending magnets, wigglers, or 
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undulators are used to bend the beam around the ring, creating a beam of radiation at each 
turn. Experiments described here used the 7-BM beamline at the APS which is currently 
setup for taking radiographs of sprays. This beamline uses a bending magnet to produce 
radiation that is then sent through two hutches. 7-BM-A is the first hutch and is where 
focusing and filtering optics work to produce a beam of the desired cross-section and 
wavelength. 7BM-B is the second hutch and is where the experiment is housed. The 
beamline is in a fixed location so the experimental flow loop setup (Figure 5.1) is built 
around the beamline. The setup of the 7-BM beamline is described in more detail in 
(Kastengren et al., 2012).  
 
Figure 5.1 Schematic of the Advanced Photon Source (APS) experimental setup. 
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The air inlet used in this setup comes from pressurized building air at the APS. It first 
passes through a filter to ensure that the air supply is clean. The filter also works to partition 
the air into two lines, each of which has a pressure transducer to limit the air pressure that is 
fed to the system. One of the lines is partitioned after the pressure transducer into two lines, 
one that feeds the straight co-flow air and another that feeds the swirl air. There is a ball 
valve on each of the air lines to force close the air line when it is not in use. Electronic 
proportioning valves and air flow meters are located after the ball valves and are used to 
control and monitor the air flow rates. Both of the air lines are split into four lines, after 
passing through flow meters, that are then attached to the upper portion of the nozzle to 
provide air flow for the experiments. The four lines that run from the air flow meters to the 
nozzle are kept at equal lengths and inner diameters (ID) to ensure equal head loss amongst 
the lines, shown in Figure 5.1. 
After the filter, the other air line is fed into the water tank to create a pressurized 
section of air on the top of the tank that then provides the force necessary to push the water 
through the water line. From there, the water moves through a ball valve that is used to close 
the water line when no tests are being performed. Then the liquid moves through an 
electronic proportioning valve and water flow meter. Then the line is split into two lines of 
equal length and ID. The two lines then feed into the two sides of the liquid chamber in the 
upper portion of the nozzle, shown in Figure 5.2.  
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(a)    (b)  
 
Figure 5.2 The airblast atomizer used in experiments: (a) the water and air inlets and (b) 
a close-up of the nozzle exit. 
The electronic proportioning valves and flow meters are connected to a data 
acquisition system that provides real time measurement and control. The electronic 
proportioning valves are controlled by an in-house LabVIEW Proportional, Integral, and 
Derivative (PID) active control system. Values from the flow meters are sent to the data 
acquisition system and are used as the feedback as well as being stored so that any natural 
phenomenon can be related back to the instantaneous flow measurement. The LabVIEW 
program has real time control of the electronic proportioning valves. 
The synchrotron beam is filtered so that only a small range of wavelengths exist and 
focusing mirrors are used to reduce the size of the beam to 4×5 μm before it passes through 
the spray. Measurements are then taken by raster scanning across the spray and taking 
measurements at multiple x-y locations. After passing through the spray, the beam hits a PIN 
diode consisting of a p-type semiconductor, an intrinsic semiconductor, and an n-type 














of the beam. From there, the current is sent to an oscilloscope and finally recorded by a 
computer. Focused-beam measurements are taken at a rate of 6.25 MHz for 10 seconds and 
then those measurements are binned so that the effective data measurement rate is 270 kHz. 
The nozzle shown in Figure 5.2 contains an upper chamber for water and a lower 
plenum for gas. The water was injected into the chamber through two, 6.35 mm lines that sit 
at the upper portion of the chamber. The nozzle was designed to produce laminar, swirl-free, 
and axisymmetric flow. It has a long liquid needle so that by the time the liquid exits, it is 
fully developed Poiseuille flow. The actual liquid flow inner diameter at the nozzle exit, as 
measured through X-ray radiographs, was dl = 2.1 mm and the outer diameter of the liquid 
nozzle was Dl = 2.7 mm. 
Gas is injected into the plenum through eight lines, four of which are 12.7 mm, 
evenly spaced gas lines, around the shaft of the nozzle. These four gas lines enter the gas 
plenum pointing towards the water flow axis and perpendicular to the tangent line of the 
cylindrical shaft. The other four lines are 9.53 mm inlets for swirl air that are evenly spaced 
around the shaft and in the same plane as the straight air-lines but offset to create rotation 
about the centerline. The gas contraction region of the nozzle is a cubic spline shape with 
minimal angle, designed with the capability to produce even flow throughout the nozzle 
(Hussain  & Ramjee, 1976.). The inner diameter of the gas stream was dg = 10 mm. 
The results that are obtained directly from focused-beam testing provide a 
time-resolved measurement of the intensity of the beam. Using Beer-Lambert’s law, the 









where I0 is the intensity of the beam where it is not passing through any liquid and μ is the 
attenuation coefficient for the material through which the beam passes (water was used for 
this study). The EPL is a length measurement of the total liquid length in the beam. For all of 
the conditions presented, the total liquid flow rate, Ql = 0.099 LPM, the total gas flow rate, 
Qg = 150 LPM were held constant. The ratio of swirled air to straight air (SR) was varied and 
ranged from SR = 0 (no swirl) or SR = 1 (equal swirl and straight air). The 
nondimensionalized Reynolds numbers that relate to the total liquid and gas flow rate are 





In Equation (5.1), dl is the inner diameter of the liquid nozzle, νl is the kinematic 
viscosity of water. Ul is the mean exit velocity and is calculated as Ul = Ql/Al where Ql is the 





where Qtot is the total gas flow rate, νg is the kinematic viscosity of air, and the effective inner 
diameter of the gas nozzle, deff is: 




Here, Dl is the outer diameter of the liquid nozzle and dg is the inner diameter of the gas 
nozzle. 
The average of the focused-beam radiographs were calculated as: 






where n is the number of terms and EPLi is the instantaneous EPL, and EPLOOOOO is the average 











































where EPLkurt is the kurtosis of the EPL. 
5.4 Results and Discussion 
Focused-beam radiographs were taken by raster scanning across the spray. The data 
point locations are shown in Figure 5.3. Each circle represents one data point location but is 
not representative of the beam size as the beam was 4×5 μm.  
 
Figure 5.3 Data point locations of focused-beam radiographs for the condition where 
Ql = 0.099, Qg = 150, SR = 0. 
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Figure 5.4a, b, and c show the average EPL, calculated from measurements taken by 
the focused synchrotron X-ray beam. The blocks within the Figures represent data from a 
point located in the center of each block. The edge of the nozzle is located at y/dl = 0 and the 
first row of data are taken at x/dl = 0.26. Successively wider scans were used as the x/dl 
distance increased to ensure that the entire spray region was captured.  
The average EPL plots shown in Figure 5.4a, b, and c represent the mass distribution 
of liquid in each x, y location where focused-beam measurements were taken throughout the 
spray. Average EPL plots are used in determining the spray angle and can be used to estimate 
the intact length or core length (Lightfoot et al., 2015). As the SR increases from 0 to 0.5, the 
spray angle increases but when the SR is increased further to SR = 1, the spray angle 
decreases but is still wider than the condition with SR = 0. The core length follows this same 
pattern, shortning as the SR increases from 0 to 0.5 and then lengthening when the SR is 
increased to 1 but remaining shorter than the SR = 0 condition.  
Standard deviation plots from the same focused-beam measurements are mapped in 
Figure 5.4d, e, and f. Comparing Figure 5.4a to Figure 5.4d shows that the standard deviation 
is the greatest in the region surrounding the core. Figure 5.4b and e follow the same pattern 
as well as Figure 5.4c and f. Videos of the same spray from synchrotron white-beam X-ray 
imaging in (Li et al., 2017) give further insight into the increase in standard deviation around 
the core region. Throughout the videos, the liquid core can be seen oscillating, explaining the 
high standard deviation at the core edge. Ligaments from the core are also shed periodically, 





Figure 5.4  Comparison of effective path length (EPL) moments of distibution for sprays 
with varying swirl ratio (SR). Liquid flow rate, Ql = 0.099 LPM and total gas 
flow rate, Qg = 150 LPM with Rel = 21,200 and Reg = 1,100 for all 
conditions.   
The average EPL plots shown in Figure 5.4a, b, and c represent the mass distribution 
of liquid in each x, y location where focused-beam measurements were taken throughout the 
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spray. Average EPL plots are used in determining the spray angle and can be used to estimate 
the intact length or core length (Lightfoot et al., 2015). As the SR increases from 0 to 0.5, the 
spray angle increases but when the SR is increased further to SR = 1, the spray angle 
decreases but is still wider than the condition with SR = 0. The core length follows this same 
pattern, shortning as the SR increases from 0 to 0.5 and then lengthening when the SR is 
increased to 1 but remaining shorter than the SR = 0 condition.  
Standard deviation plots from the same focused-beam measurements are mapped in 
Figure 5.4d, e, and f. Comparing Figure 5.4a to Figure 5.4d shows that the standard deviation 
is the greatest in the region surrounding the core. Figure 5.4b and e follow the same pattern 
as well as Figure 5.4c and f. Videos of the same spray from synchrotron white-beam X-ray 
imaging in (Li et al., 2017) give further insight into the increase in standard deviation around 
the core region. Throughout the videos, the liquid core can be seen oscillating, explaining the 
high standard deviation at the core edge. Ligaments from the core are also shed periodically, 
which explains the high standard deviation at the lower portion and just below the core.  
The skewness measures of the focused-beam measurements are shown in Figure 5.4g, 
h, and i. The colorbar scales vary between conditions because of the large difference in 
maximum values. The skewness plots give good insite into the location of the edge of the 
spray which is the most evident in Figure 5.4g where values were taken beyond the edge of 
the spray and show low skewness values. Beyond showing the edge of the spray, skewness 
plots provide no additional insite that can be related to physical properties of the spray.  
 The kurtosis was also calculated from the focused-beam measurements and are 
shown in Figure 5.4j, k, and l. The colorbar for these three plots varies for each condition 
because of the difference in maximum kurtosis value. Similar to the skewness, the edge of 
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the spray is evident in kurtosis measurements. However, beyond showing the edge of the 
spray, kurtosis measurements have yet to give insite into additional physical spray properties. 
Using the same data from which the plots in Figure 5.4a, d, g, and j were created, 
Figure 5.5 shows the probability density function (PDF). The portion of the average EPL plot 
(in Figure 5.5a) that is boxed is expanded and represented by PDF of EPL plots in 
Figure 5.5c. The PDF plots break the sample space, with a range from 0 to 1.3 EPL/dl, into 
52 smaller ranges where each of the small ranges corresponds to a set of values with a range 
of 0.0255 EPL/dl. The PDF plots use a square root scale to improve the visibility of smaller 
intensity values. In Figure 5.5b, one of the plots is expanded to show the horizontal and 
vertical scales that are used for all of the plots in Figure 5.5c.  
Figure 5.5 presents a spray with no swirl in the air, SR = 0. Looking at the region 
along the center of the spray in Fig 5.5a shows that for the region very near the nozzle, the 
EPL/dl values have a narrow distribution and never present zero values, representing the core 
of the spray. When the spray progresses further downstream, as shown in the midsection of 
Figure 5.5a, the EPL/dl values become more distributed as the spray goes through initial 
breakup. Nearing the lower portion of the tested region, the EPL/dl values shift towards 
smaller values because the spray breaks into small droplets. Moving further away from the 
center of the spray, the PDF plots in the center two colums of Figure 5.5c show the spray 
convirging at first, following the outline of the spray core, and then diverging once the core 
has gone through initial breakup. The PDF plots that are furthest from the center of the spray 
represent the outer portion of the spray. Near the nozzle there are only zero values, as the 
spray is not found in this region. Further downstream, the spray begins to show EPL/dl values 
with a relatively small range of lengths, providing evidence that the droplets are similar in 
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size in this region. At the maximum x/dl location, the outer portion of the spray shows less 
droplets in the line of sight of the X-ray beam but with a similar EPL/dl distribution, 
implying that the droplets in this region are sized similarly to the droplets toward the center 
of the spray.  
 
Figure 5.5 Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 
LPM with Rel = 21,200 and Reg = 1,100; swirl ratio SR = 0. (a) Map of 
average effective path length, EPL, nondimensionalized with dl. (b) 
Probability density function (PDF) of time-resolved EPL measurements with 
axis labels. (c) PDF of EPL plots for boxed regions in (a) with all axes 
identical to those in (b) 
Figure 5.5 presents a spray with no swirl in the air, SR = 0. Looking at the region 
along the center of the spray in Fig 5.5a shows that for the region very near the nozzle, the 
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EPL/dl values have a narrow distribution and never present zero values, representing the core 
of the spray. When the spray progresses further downstream, as shown in the midsection of 
Figure 5.5a, the EPL/dl values become more distributed as the spray goes through initial 
breakup. Nearing the lower portion of the tested region, the EPL/dl values shift towards 
smaller values because the spray breaks into small droplets. Moving further away from the 
center of the spray, the PDF plots in the center two colums of Figure 5.5c show the spray 
convirging at first, following the outline of the spray core, and then diverging once the core 
has gone through initial breakup. The PDF plots that are furthest from the center of the spray 
represent the outer portion of the spray. Near the nozzle there are only zero values, as the 
spray is not found in this region. Further downstream, the spray begins to show EPL/dl values 
with a relatively small range of lengths, providing evidence that the droplets are similar in 
size in this region. At the maximum x/dl location, the outer portion of the spray shows less 
droplets in the line of sight of the X-ray beam but with a similar EPL/dl distribution, 
implying that the droplets in this region are sized similarly to the droplets toward the center 
of the spray.  
Figure 5.6 presents a spray where there is swirl in the air portion of the nozzle with 
SR = 0.5. When Figure 5.6a is compared to Figure 5.5a, a shortning of the core region can be 
seen in the average plots. Additionally, a wider set of data was required for the SR = 0.5 
condition because the swirled air increases the width of the spray. The PDF plots shown in 
Figure 5.6c, down the center of the spray, show that the values shift in a similar way towards 
zero like SR = 0 but do so much closer to the nozzle. Unlike in the condition where SR = 0, 
the SR = 0.5 condition does not have a converging region before it spreads. In Fig 5.6c the 
outermost data point that is near the nozzle shows that liquid is present in this region 
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meaning that the spray has widened by x/dl = 0.026, where the scan is taken. The bottom 
portion of the PDF plots show a spray that is distributed with small EPL/dl measurements 
which corresponds to small droplets. 
 
Figure 5.6 Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 
LPM with Rel = 21,200 and Reg = 1,100; swirl ratio SR = 0.5. (a) Map of 
average effective path length, EPL, nondimensionalized with dl. (b) 
Probability density function (PDF) of time-resolved EPL measurements with 
axis labels. (c) PDF of EPL plots for boxed regions in (a) with all axes 
identical to those in (b).   
Figure 5.7 shows a spray with a SR = 1. The the PDF plots in Fig 5.7c show that the 
spray has no zero values just below the nozzle exit, in the center of the spray, consistant to 
the results from Figure 5.6c. However, comparing Figure 5.5-5.7 shows that the EPL/di 
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distribution increases as SR increases. Additionally, the plots that are nearest the nozzle but 
on the outside edge show that as SR increases, the width of the spray very near the nozzle 
increases as there are successively less zero values with increasing SR. Unlike the condition 
where SR = 0 but similar to the condition where SR = 0.5, the condition with SR = 1 does not 
show a narrowing of the spray before it widens. A comparison of Figure 5.5c, 5.6c, and 5.7c 
show that as SR changes from 0 to 0.5 to 1, the values shift toward zero closest to the nozzle 
in Figure 5.6c, not as close in Figure 5.7c, and the furthest from the nozzle in Figure 5.7c. 
This is indicative of larger droplets existing in the condition where SR = 1.  
An outline of the core region can be defined from the PDF plots as the region where 
values that fall into the 0.0 to 0.0255 EPL/dl range makeup less than 5% of the total 
instances. When SR = 0, this region ranges from -1 to 1 at y/dl = 0.026 and is narrower 
than -0.5 to 0.5 at y/dl = 0.714 but is still present. When SR = 0.5, the core region ranges 
from -1 to 1 at y/dl = 0.026 and from -1 to 1 at y/dl = 0.714. When SR = 1, the core region 
ranges from -1 to 1 at y/dl = 0.026, from -1 to 1 at y/dl = 0.714, and is narrower than -0.5 to 
0.5 at y/dl = 1.190. However, because of the lack of spatial resolution in these focused-beam 
measurements, the precise outline of the core cannot be determined from the data presented. 






Figure 5.7  Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 
LPM with Rel = 21,200 and Reg = 1,100; swirl ratio SR = 1. (a) Map of 
average effective path length, EPL, nondimensionalized with dl. (b) 
Probability density function (PDF) of time-resolved EPL measurements with 
axis labels. (c) PDF of EPL plots for boxed regions in (a) with all axes 
identical to those in (b). 
5.5 Summary and Conclusions 
Maps of the average EPL from focused-beam radiography provide visual insite into 
the location of the core and are used to visualize the width of the spray. Maps of the standard 
deviation show high values on the edges and lower portion of the core, corresponding to 
oscillations and shedding, respectively. Measures of the skewness and kurtosis both provide 
information about the width of the spray at various downstream locations but have not been 
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found to provide additional insite into the physical properties that define the spray. The 
combination of these maps show that the condition with SR = 0 has the longest core length, 
narrowest spray, and a large path length fluctuations around the core. The condition with 
SR = 0.5 has the shortest core, widest spray, and less fluctuations around the core. The 
condition with SR = 1 has a core length that is between SR = 0 and SR = 0.5, a spray width 
that is between SR = 0 and SR = 0.5, and path length fluctuations that are also between the 
conditions with SR = 0 and SR = 0.5. 
Plots of the PDF of focused-beam data points for conditions with varying SR show 
how adding swirl increases the width of the spray very near the nozzle. The condition with 
no swirl exhibits necking before widening but the conditions with swirl do not. The EPL 
distribution is consistent across the scan for all three conditions at y/dl = 0.714 (the scan 
furthest from the nozzle). The portion of the spray that is furthest from the nozzle for the 
condition with SR = 0.5 exhibits EPL measurements that are closer to zero than the other 
conditions, providing evidence that the condition has small droplets in the region. 
The wider distribution and smaller droplets that are created by increasing the portion 
of air that is swirled are advantageous for many spray systems. However, if the swirl ratio is 
increased too much, the droplets become larger, losing the advantage that was initially gained 
by increasing the swirl ratio. Because the total gas flow rate is kept constant throughout 
testing, the energy input is independent of SR. Spray properties can then be controlled based 
on the requirements of a particular system, withouth expending excess engergy, which is 





Castrejón-García, R., Castrejón-Pita, J. R., Martin, G. D., & Hutchings, I. M. (2011). The 
shadowgraph imaging technique and its modern application to fluid jets and drops. 
Revista Mexicana de Física, 57(3), 266-275. 
 
Heindel, T. J. (2018). X-ray imaging techniques to quantify spray characteristics in the 
near-field. Atomization and Sprays, 28(11), 1029-1059. 
 
Hopfinger, E. J., & Lasheras, J. C. (1996). Explosive breakup of a liquid jet by a swirling 
coaxial gas jet. Physics of Fluids,  8, 1696-1698. 
 
Hussain, A. K. M. F., & Ramjee, V. (1976). Effects of the axisymmetric contraction shape on 
incompressible turbulent flow. Journal of Fluids Engineering, 98(1), 58-68.  
 
Kastengren, A., Powell, C. F., Arms, D., Dufresne, E. M., Gibson, H., & Wang, J. (2012). 
The 7BM beamline at the APS: A facility for time-resolved fluid dynamics 
measurements. Journal of Synchrotron Radiation, 19(4), 654-657. 
 
Kastengren, A., & Powell, C. F. (2007). Spray density measurements using X-ray 
radiography. Proceedings of the Institution of Mechanical Engineers, Part D: Journal of 
Automobile Engineering, 221(6), 653-662. 
 
Lasheras, J. C., & Hopfinger, E. J. (2000). Liquid jet instability and atomization in a coaxial 
gas stream. Annual Review of Fluid Mechanics, 32(1), 275-308. 
 
Li, D., Bothell, J. K., Morgan, T. B., Heindel, T, J., Aliseda, A., Machicoane, N., & 
Kastengren, A. L. (2017). High-speed X-ray imaging of an airblast atomizer at the nozzle 
exit. 7th Annual Meeting of the American Physical Society Division of Fluid Dynamics. 
https://doi.org/10.1103/APS.DFD.2017.GFM.V0026. 
 
Lightfoot, M. D., Schumaker, S. A., Danczyk, S. A., & Kastengren, A. L. (2015). Core 
length and spray width measurements in shear coaxial rocket injectors from X-ray 
radiography measurements. Air Force Research Lab, Edwards AFB, CA, Aerospace 
Systems Directorate. (No. AFRL-RQ-ED-TP-2015-115) 
 
MacPhee, A. G., Tate, M. W., Powell, C. F., Yue, Y., Renzi, M. J., Ercan, A., & Gruner, S. 
M. (2002). X-ray imaging of shock waves generated by high-pressure fuel sprays, 
Science, 295(5558), 1261-1263. 
 
Ofner, B. (1993). Phase doppler anemometry, Optical Measurements: Techniques and 
Applications (pp. 139-152). Springer. 
 




CHAPTER 6.    IMAGE BASED FEEDBACK CONTROL OF A COAXIAL SPRAY 
Julie K. Bothell, Timothy B. Morgan, Theodore J. Heindel 
 
Center for Multiphase Flow Research and Education, Department of Mechanical 
Engineering, Iowa State University, Ames, IA, USA 
 
Modified from a manuscript accepted for publication in ASME Journal of Fluids Engineering 
 
 
Bothell, J.K., Morgan, T.B., and Heindel, T.J., “Image-Based Feedback Control for a Coaxial 




Optimization of jet engine sprays has the potential to improve efficiency and reduce 
environmental impact. Sprays can be continually optimized in multivariate scenarios using 
real-time active feedback control, but a method of controlling sprays based on physical 
properties must first be established. In this study, an image-based feedback controller was 
developed to optimize the spray half-angle (θ), obtained from shadowgraphs, with the 
assumption that the largest θ is desired. The spray half-angle was used as a proof-of-concept, 
as θ is a physically important parameter which is easily found through shadowgraphy. While 
keeping the total air flow rate constant, varying ratios of swirled air to straight air (SR), 
determined by the image-based feedback controller, were introduced into the air portion of a 
coaxial airblast nozzle. A golden section search converged on the SR that provided the 
largest θ and was validated by the distribution of θ versus SR. The ratio that produced a spray 
with the greatest angle of θ = 25.8 ± 2° was found at SR = 0.66 ± 0.03 for a spray with a 
momentum ratio of 6. The successful design and implementation of this image-based 
feedback controller is intended to provide a foundation for developing real-time active 




Coaxial sprays provide the atomization necessary for many processes including liquid 
rocket and jet engine combustion, as well as food processing (Lasheras & Hopfinger, 2000). 
In each of these instances, an optimized spray would reduce waste and improve efficiency, 
providing economical solutions and reducing environmental impact. This study focuses on 
developing an image-based feedback control system for rapidly optimizing sprays. This 
could allow greater control of the spray or to find the desired settings across a large set of 
spray conditions. 
Shadowgraphy is a standard method to determine properties of a spray such as droplet 
velocity and droplet size (Castrejón-García et al., 2011), as well as spray half-angle, θ 
(Bothell et al., 2019). They spray half-angle is the physical property considered here because 
of its practical importance (Lasheras & Hopfinger, 2000) and the simplicity of obtaining 
rapid measurements. However, if quickly quantifying the physical property is possible, any 
desired feature of interest may be implemented. For a coaxial spray, introducing swirled air 
increases θ (as well as atomization) up to a critical SR (Hopfinger & Lasheras, 1996). This 
short letter assumes that the largest θ (as found through shadowgraphy) is desired and the 
image-based feedback controller optimizes the spray to obtain the SR that produces the 
largest θ. However, in theory, any measurable control parameter could be used in this 
optimization. 
6.3 Setup and Method 
The coaxial airblast nozzle used in this study had two concentric nozzle outlets with 
an inner portion for water, and an outer portion for air. The straight air (in the direction of the 
liquid flow) was injected into the nozzle through four identical air lines that were 
perpendicular to the nozzle central axis, and the swirled air was injected through four 
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identical air lines that were tangent to the axial direction. The liquid nozzle exit had an inner 
diameter of dl = 2.1 mm and an outer diameter of Dl = 2.7 mm. The gas nozzle exit had an 
inner diameter of dg = 10 mm. A more detailed description and layout of the nozzle can be 
found in Machicoane et al. (2019).  
An optical setup was constructed to take shadowgraphs of the spray from the coaxial 
airblast nozzle. The swirl ratio (SR) is defined as Qsw/Qg, where Qsw is the volumetric gas 
flow rate of swirled air entering the nozzle, and Qg is the volumetric gas flow rate of straight 
air entering the nozzle. In this study, the maximum SR was limited to 1. The flow rates of the 
liquid, straight gas, and swirl gas were held constant by a proportional-integral-derivative 
(PID) controller that obtained values for the straight gas flow rate and swirled gas flow rate 
from the image-based feedback controller as outlined in Figure 6.1. A golden section search 
(Monahan, 2011), performed through the image-based feedback controller, converged when 
the SR difference between the penultimate test condition and the last test condition was 
≤ 0.01. 
For this study, the liquid flow rate was fixed at a Reynolds number of Rel = 1,100. 
The total air Reynolds number was held constant at Reg = 21,300 but with a varying SR. This 






and rg is the gas density, rl is the liquid density, Ug is the average gas exit velocity, and Ul is 





Figure 6.1 Control diagram where θ is obtained for initial values and then a golden 
section search determines a new range of values within which to search. The 
program converges on the last set swirl ratio (SR) when the search range is 
less than 0.01. 
The controller was initialized with minimum and maximum SR values of SR1 = 0 and 
SR4 = 1 because previous research indicated that the θ reaches a maximum between SR = 0 
and SR = 1 when M = 6 (Bothell et al, 2019). The initial values of SR2 = 0.382 and 
SR3 = 0.618 were then calculated from the golden section search method (Monahan, 2011) 
as:  
𝑆𝑅" = 𝑆𝑅= − 𝜙(𝑆𝑅= − 𝑆𝑅+) (6.2) 
𝑆𝑅7 = 𝑆𝑅+ − 𝜙(𝑆𝑅= − 𝑆𝑅+) (6.3) 
where φ = 0.618 is the golden ratio.  
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For shadowgraphy, an LED panel was placed behind the spray, and a high-speed 
camera (Photron SA-Z) was placed on the opposite side of the spray. For each SR condition, 
a set of 280 images was acquired at 28 FPS with an exposure of 450 μs/image. The 280 
images were averaged and then θ was determined by taking a linear sample of pixels down 
the center of the spray at each downstream location to represent the maximum intensity Icenter. 
The background intensity, Ibackground, was determined by averaging a sample of pixels where 
there was no spray. The edge of the spray was defined, along each downstream location, as 
the spanwise distance from the centerline of the spray to the point where the intensity was 
(Ibackground + Icenter)*0.5, shown in Figure 6.1. Previous research is inconsistent on the ratio of 
Ibackground to Icenter that defines the edge of the spray. However, the spray at downstream 
locations is defined by self-similar Gaussian distributions (Yue et al., 2001), so a comparison 
between conditions is indifferent to the SR, making the 0.5 ratio a reasonable choice.  
The spray edges from each axial pixel location were fit using a linear regression, and 
then θ was calculated as the average angle between the opposing spray edge lines and the 
centerline. After calculating θ for the first four set conditions, a comparison of the angles for 
SR2 and SR3 provided direction for the golden section search. If θ for SR3 > SR2, the values 
between SR1 and SR2 were assumed not to contain the SR value corresponding to the largest 
θ and thus, eliminated from the search. Then, SR2 became the new SR1, SR3 became SR2, and 
a new SR3 was calculated from Equation (6.3). Conversely, if θ at SR2 > SR3, the values 
between SR3 and SR4 were assumed not to contain the SR value corresponding to the largest 
θ and were eliminated from the search. Then SR3 became the new SR4, SR2 became SR3, and 
a new SR2 was calculated from Equation (6.2). Note that this algorithm assumes the function 
is unimodal or nearly unimodal. 
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The image-based feedback controller iterated through setting a swirl ratio, taking 
images, averaging intensities, calculating θ, and eliminating sections from the search. The 
program converged when there was a difference of, or less than, 0.01 between SR3 and SR2, 
achieving an optimal (assumed here to be the maximum) θ. 
6.4 Results and Discussion  
The image-based feedback controller optimized θ with respect to the SR. Results 
from the optimization produced the largest θ at SR = 0.66 with θ = 26.4°, shown in 
Figure 6.2. The averaged shadowgraphs for the maximum θ (SR = 0.66), initial maximum 
SR = 1, and initial minimum SR = 0 are shown in Figure 6.2 with the corresponding θ. The 
program converged after taking 12 data points, which took less than 90 s to complete. The 
optimization itself took approximately 6 s in total, and the remainder of the time was caused 
by a delay in the setup between the valves and spray response. 
 
Figure 6.2 A plot of swirl ratio (SR) versus θ where data points are shown as black 
circles. Averaged shadowgraphs with overlaid lines showing θ for SR = 0.66, 
and SR = 1. 
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The maximum θ was validated by performing the same test in triplicate. Each time 
the program converged on SR = 0.66 ± 0.03 with θ = 25.8 ± 2.0°. An additional test was run 
with a starting minimum SR = 0, and maximum SR = 1.2. Despite the difference in starting 
values, the program converged on a SR and θ within the same range, showing that the control 
system is robust. For X-ray imaging using the same nozzle configuration and flow 
conditions, θ reached a maximum between 0.5 ≤ SR ≤ 0.75, after which it decreased (Bothell 
et al., 2019), which agrees with the results shown here. 
To ensure the validity of using an image-based feedback controller for optimizing θ, 
10 replicate tests were conducted to measure the SR at intervals of 0.05. As shown in 
Figure 6.3, the points represent the average θ at each SR and the error bars represent the 
standard deviation for the 10 replicate tests. The average data points show a peak at a SR that 
is very near the maximum SR obtained from the image-based feedback control, showing that 
the control method converged on the correct value. Additionally, the curve shows a slightly 
bimodal distribution with a sufficiently wide global maximum demonstrating the golden 
section search is a valid model for θ optimization. The standard deviation error bars show 
that the values obtained are within a small range, especially for SR values that are near the 




Figure 6.3 Plot of swirl ratio versus spray angle (θ) where the average θ is shown as a 
black dot with a standard deviation error bar from 10 replicate tests.  
6.5 Concluding Remarks  
In this study, an image-based feedback controller was developed to optimize θ, 
obtained from shadowgraphs, with the assumption that the largest θ is desired. With the 
given nozzle, an optimized θ = 25.8 ± 2° was obtained at SR = 0.66 ± 0.03. The process took 
less than 90 s, and only 6 s was required for the optimization. A similar system could be used 
to optimize around any physical property of the spray that is obtainable from imaging, such 
as droplet size or velocity. Additionally, a real-time active controller could be developed by 
substituting the golden section search with a more robust method. 
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7.1 Abstract 
Coaxial atomizing sprays are used across industries from gas turbines to food 
processing. Spray dynamics depend heavily on the primary breakup (near-field) region. The 
near-field region is challenging to study because it contains thick liquid that is impenetrable 
to visible light. However, X-ray radiographs are capable of penetrating the dense liquid 
region, providing insight that is unavailable from visible light testing methods. This study 
modifies a method used in previous studies for determining the mass-averaged axial velocity 
from a narrow-angle, injection spray, into a method for studying the mass-averaged axial 
velocity from a wide-angle, constant spray. Experiments at the Advanced Photon Source at 
Argonne National Laboratory provided focused-beam X-ray radiographs along the spray. 
Results showed that the mass-averaged axial velocity along a coaxial spray increased linearly 
with axial distance from the nozzle for varying momentum ratios. The slope of the velocity-
distance relation also increased linearly when plotted as a function of gas Reynolds number. 
Spray velocity is often considered for individual droplets or for the centerline, but not as a 
mass-averaged property. However, these results show that the mass-averaged axial velocity 
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has predictable behavior in the near-field region for the conditions that were tested in this 
study.  
7.2 Introduction 
Coaxial atomizers are of interest to researchers because of their use as fuel injectors 
for gas turbines and engines, two-phase chemical reactors, and food processing (Lasheras 
& Hopfinger, 2000). Spray-droplet characterization in the mid- and far-field region has been 
a primary focus of this research, especially among those studying combustion (Aggarwal, 
1998; Law, 1982). The spray droplets are inherently unsteady and vary in spatial separation, 
shape, and size (Strasser & Battaglia, 2017; Ling et al., 2017). The near-field region has not 
been studied with the depth and rigor that have been applied to the mid- or far-field region. 
Fully characterizing the near-field region is difficult because the thick liquid core is 
impenetrable to visible light, reducing the capabilities of most non-invasive measurement 
methods. The near-field region needs to be studied, because it is the region where instabilities 
begin to develop and is of utmost importance because of its role in establishing the primary 
combustion zone (Lightfoot et al., 2015).  
X-ray imaging and X-ray radiography have emerged recently as novel testing 
techniques for studying the near-field region (Heindel, 2018). Unlike visible light, X-rays are 
capable of penetrating the dense liquid region, and their attenuation is proportional to the 
amount of material through which they pass. The attenuation is used to measure or estimate 
the quantity of liquid present in the line of sight of the X-ray beam. An additional advantage 
of X-rays is the mild scattering at liquid-gas interfaces, which is used to enhance 
visualization in phase-contrast imaging (Kastengren et al., 2012).  
Using a synchrotron X-ray beam, phase-contrast X-ray imaging was used to study the 
mass distribution of liquid from a spray (Powell et al., 2000). X-ray phase contrast imaging 
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was also used to study the velocity of the liquid portion of the spray, using autocorrelation to 
track distinguishable features in the spray (Wang et al., 2008). Although the velocity is a 
highly desired measurement, the limitation of using autocorrelation to determine spray 
velocity is that it only works for slow sprays, once they have broken apart from the core 
region. 
With access to a synchrotron beam (used for X-ray phase-contrast imaging), an 
additional testing method that is available is X-ray focused-beam radiography. Focused-beam 
radiography provides point measurements of the beam intensity from which a liquid 
equivalent path length is calculated. Addressing the limitations of velocity measurements 
from autocorrelation, Kastengren et al. (2007) developed a method of determining the 
velocity of a narrow-angle diesel injection spray from focused-beam radiography. The 
measurements were synced with the time-varying system, and the mass-averaged axial 
velocity at a particular axial distance was determined. This paper uses a similar method to 
Kastengren et al. (2007) to determine the mass-averaged axial velocity but at multiple 
downstream locations from a wide angle, constant spray. 
7.3 Experimental Methods 
Experiments were conducted at the 7-BM beamline at the Advanced Photon Source 
(APS) at Argonne National Laboratory, which is currently set up for taking radiographs of 
sprays. APS uses synchrotron technology to provide high-energy X-ray photon beams. The 
electrons move around a storage ring where a series of bending magnets, wigglers, or 
undulators are used to bend the electrons around the ring, creating a beam of radiation at each 
turn. The 7-BM beamline uses a bending magnet to produce radiation that is then sent 
through two hutches. 7-BM-A is the first hutch and is where focusing and filtering optics 
work to produce a beam of the desired cross-section and wavelength. 7BM-B is the second 
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hutch and is where the experiment is housed. The beamline is in a fixed location, so the 
experimental flow loop setup (Figure 7.1) was built around the beamline. The setup of the 7-
BM beamline is described in more detail by Kastengren et al. (2012). 
 
 
Figure 7.1 Schematic of the experimental setup mounted in the hutch at the Advanced 
Photon Source (APS). 
The air inlet used in this setup came from pressurized building air at APS. First, it 
was passed through a filter to ensure the air supply was clean. The filter also worked to 
partition the air into two lines, each of which had a pressure transducer to limit the air 
pressure that was fed to the system. One of the lines was partitioned again after the pressure 
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transducer into two additional lines, one that fed the straight co-flow air and another that fed 
the swirl air. There was a ball valve on each of the air lines to force close the air line when it 
was not in use. Electronic proportioning valves and air flow meters were located after the ball 
valves and were used to control and monitor the air flow rates. Both air lines were split into 
four lines, after passing through flow meters, that were then attached to the upper portion of 
the nozzle to provide air flow for the experiments. The four lines that ran from the air flow 
meters to the nozzle were kept at equal lengths and inner diameters (ID), ensuring equal head 
loss amongst the lines, shown in Figure 7.1. 
After the filter, the second air line was fed into the water tank to create a pressurized 
section of air on the top of the tank that further provided the force necessary to push the 
water through the water line. From there, the water moved through a ball valve that was used 
to close the water line when no tests were being performed. Then the liquid moved through 
an electronic proportioning valve and water flow meter, after which it split into two lines of 
equal length and ID. The two lines then fed into the two sides of the liquid chamber in the 
upper portion of the nozzle, shown in Figure 7.2a.  
(a)    (b)  
Figure 7.2 The airblast atomizer used in experiments: (a) the water and air inlets and (b) 
a close-up of the nozzle exit. 
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The electronic proportioning valves and flow meters were connected to a data 
acquisition system that provided real time measurement and control. The electronic 
proportioning valves were controlled by an in-house LabVIEW Proportional, Integral, and 
Derivative (PID) active control system. Values from the flow meters were sent to the data 
acquisition system and were used as the feedback as well as being stored, so that any natural 
phenomenon could be related to the instantaneous flow measurement at the time of 
occurrence.  
The synchrotron beam was filtered so that only a small range of wavelengths existed. 
Focusing mirrors were used to reduce the size of the beam to 4×5 μm before it passed 
through the spray. Measurements were then acquired at multiple (x,y) locations by raster 
scanning across the spray. After passing through the spray, the beam hit a PIN diode 
consisting of p-type, intrinsic, and n-type semiconductors. The diode allowed energy to pass 
through that was proportional to the intensity of the beam. From there, the current was sent to 
an oscilloscope and finally recorded by a computer. Focused-beam measurements were 
acquired at a rate of 6.25 MHz for 10 seconds. These measurements were binned with the 
beam orbit so that the effective data measurement rate was 270 kHz. 
The nozzle shown in Figure 7.2 contained an upper chamber for water and a lower 
plenum for gas. The water was injected into the chamber through two 6.35 mm lines that sat 
at the upper portion of the chamber. The nozzle was designed to produce laminar, swirl-free, 
and axisymmetric flow. The length to diameter ratio of the liquid needle was 52 so that by 
the time the liquid exited, it was fully developed Poiseuille flow. The actual liquid flow inner 
diameter at the nozzle exit, as measured through X-ray radiographs, was dl = 2.1 mm and the 
outer diameter of the liquid nozzle was Dl = 2.7 mm. 
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Gas was injected into the plenum through eight lines, four of which were 12.7 mm, 
evenly spaced gas lines, around the shaft of the nozzle. These four gas lines entered the gas 
plenum, pointing towards the water flow axis and perpendicular to the tangent line of the 
cylindrical shaft. The other four lines were 9.53 mm inlets for swirl air that were evenly 
spaced around the shaft and in the same plane as the straight air-lines but offset to create 
rotation about the centerline. The gas contraction region of the nozzle was a cubic spline 
shape with minimal angle, designed with the capability to produce even flow throughout the 
nozzle (Hussain et al., 1976). The inner diameter of the gas stream was dg = 10 mm. The 
canonical nozzle was designed to obtain well-characterized and reproducible laminar liquid 
and turbulent gas streams at the nozzle exit (Machicoane and Aliseda, 2017). 
The equivelent path length (EPL), which is equal to the accumulative thickness of 
liquid in a particular location, was calculated as: 
 (7.1) 
where μ is the attenuation coefficient of X-rays passing through distilled water. The 
attenuation coefficient of X-rays passing through air was small enough to neglect in this 
setup. I0 is the intensity of the beam where it is only passing through air (EPL = 0), and I 
represents the intensity data that were acquired as time series points. This study used the 
average EPL (EPLavg) which was calculated as: 
 (7.2) 
where n is the number of measurement events. 
Lengths presented in this paper are dimensionless and were non-dimensionalized as 









coordinate is X and the spanwise coordinate (perpendicular to the beam direction) is Y. The 
dimensionless EPL is presented as EPL/dl. Test conditions considered had a constant liquid 
flow rate with varying gas flow rates. The conditions are referred to by the liquid Reynolds 
number (Rel), the gas Reynolds number (Reg), and the momentum flux ratio (M). Rel was 
defined by: 
 (7.3) 
where Ql is the liquid flow rate, Al is the inner exit area of the liquid nozzle, and νl is the 
kinematic viscosity of the liquid. Reg was defined by: 
 (7.4) 
where Qg is the gas flow rate, and νg is the viscosity of the gas. M was defined by: 
 (7.5) 
where ρg is the gas density, ρl is the liquid density, Ug is the gas velocity at the nozzle exit, 
and Ul is the liquid velocity at the exit. Ug is related to Qg at the nozzle exit by Ug = Qg/Ag 
where Ag is the area of the gas nozzle and is equal to: 
  (7.6) 
Ul is related to Ql at the nozzle exit by: 
 (7.7) 






























From focused-beam measurements, if the liquid was moving in only the x direction, 
perpendicular to the X-ray beam, the area occupied by the liquid was acquired from the 
focused-beam as: 
 (7.8) 
The EPL measurements were already integrated along the beam path in the z 
direction, and they represent the accumulated liquid thickness. Hence, integrating the EPL in 
the spanwise direction (y-direction) results in a measure of the average area that is occupied 
with liquid at the given axial location (x-distance). Combining Equation (7.7) and Eq. (7.8) 
then produces: 
 (7.9) 
Equation (7.9) is valid for determining the mass-averaged liquid velocity in regions 
with unidirectional (in the x-direction), steady-state flow (Kastengren et al., 2007). For 
example, as shown in Figure 7.3a, a cylindrical column of liquid of radius r traveling in the 
x-direction has a horizontal cross section of a circle with area pr2. Therefore, Eq. (7.9) is 
accurate for steady sprays with a negligible spray angle or in the core region that is just 
below the nozzle. 
To account for sprays with non-negligible spray angles, the motion in both the y- and 
z-directions were considered. The cross sectional area of the spray changed with velocity for 
motion that was in the x- or y-direction but was unchanged for motion in the z-direction. For 
example, as shown in Figure 7.3b, for the same cylindrical column of fluid, but traveling in 
the x-y plane at some angle q, the horizontal cross section is an ellipse with area pr2/cos q. 
Therefore, using Eq. (7.9) for a theoretical spray with motion in only the x- and z-directions 








would produce an accurate measure of the mass-averaged axial velocity. Motion in the y-
direction was accounted for by simple geometry, and assuming that the direction of motion 
was known.  
 
Figure 7.3 Cross sectional area of a cylinder, relating to direction of focused beam 
measurements for (a) liquid traveling in only the x-direction and (b) liquid 
traveling at an angle, θ from x. 
The direction of motion was determined by finding a core length and virtual origin; 
motion in the core was assumed to be only in the axial (x) direction, and motion below the 
core region was assumed to originate from the virtual origin. Figure 4a shows a schematic of 
the core and spray whose direction propagates from the virtual origin for a spray with a low 
gas flow rate (low Reg). Figure 4b shows the spray propagating from a virtual origin without 
a core region for sprays with a high gas flow rate (high Reg). The length of the core was 
determined as the length where the width of the spray was within 10% of the width of dl (y ≤ 
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2.31 mm). The virtual origin was determined by finding the edge of the spray at multiple 
axial locations and linearly interpolating between those points. The linear edges of the spray 
were then extended to the center of the nozzle and the location of the Y = 0 crossing was the 
virtual origin. 
 
Figure 7.4 (a) Spray with low gas flow rate showing core region and low virtual origin. 
(b) Spray with high gas flow rate showing spray with no core region and high 
virtual origin. 
The mass-averaged axial velocity was then corrected by removing the spanwise 
component : 
 (7.10) 
where the dimensionless x-distance from the virtual origin is Xp, and the y-distance from the 
virtual origin was the y-distance from the center of the nozzle to the edge of the spray at the 
given x-location. For the core region, a trigonometric integral was taken, but for the spray 
region, a Gaussian distribution was fit to the data and then the integral of the curve was 
p
l l avg l avg2 2
p
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taken. The Gaussian assumption was used because it produces more precise results and 
accurately describes the mass distribution of sprays that begin to break apart (Powell et al., 
2001). 
A similar method was used by Kastnegren et al. (2007) to find the mass-averaged 
axial velocity of a diesel injector. However, the spray had a narrow enough spray angle to 
ignore the y-velocity component, unlike the wide sprays used in this study. Additionally, that 
method measured the velocity at a single point and was time-synced to the diesel injector. 
This current study measures the axial velocity at multiple locations for wide sprays operating 
under constant conditions.  
Equation (7.10) provides the liquid mass-averaged axial velocity. However, it is 
important to note that this velocity is not the droplet velocity. In spray regions composed 
primarily of liquid like in the core, the computed velocity accurately describes the bulk flow 
velocity. In regions with low transience, like jets with a high Reg, the mass-averaged axial 
velocity will be similar to the droplet velocity. However, in regions with a high transience, 
like the area below the core for sprays with a low Reg, the droplet velocity will be faster than 
the mass-averaged axial velocity. 
7.3 Results 
The conditions tested are presented in Table 7.1, with the core length and virtual 
origin that were used in the mass-averaged velocity calculations. The calculated 
dimensionless core lengths all lie on a data point and the length was not interpolated. The 
points of origin are the Y distance from the exit of the nozzle where the direction of flow was 
positive. A positive value indicates a virtual origin in the liquid core like that in Figure 4a, 




Table 7.1 Conditions tested with momentum ratio (M), gas and liquid Reynolds numbers 
(Reg and Rel), the dimensionless length of the region that was treated as the 
core, and the dimensionless calculated virtual origin. 
M Reg Rel Core length Virtual origin 
2.7 14,100 1,100 3.09 0.95 
6.0 21,200 1,100 1.67 0.0 
12.9 31,100 1,100 0.24 -1.43 
28.9 46,500 1,100 0.0 -1.43 
64.1 69,300 1,100 0.0 -3.57 
 
A comparison of the mass-averaged axial velocities, for sprays with differing M 
values, is shown in Figure 7.5. At X = 0.24 (just below the nozzle exit), the velocities for all 
M conditions were nearly equal with an average velocity of V = 0.43 m/s. Note that the 
average velocity of the liquid at the nozzle exit, calculated using Eq. (7.7), was 0.48 m/s, 
which is in good agreement near the exit. As each spray progressed downstream, the axial 
velocity both increased, and became more dependent on M.  
 
Figure 7.5 Effect of momentum flux ratio (M) on axial velocity at downstream distances 





Figure 7.6 Linear fit, showing the trend between the X (non-dimensional downstream 
distance from the nozzle tip) and the mass-averaged axial velocity. 
The increase in mass-averaged axial velocity with downstream distance (X) was 
nearly linear for each of the conditions, within the region that was tested in this study. The 
linear increase for each condition is emphasized in Figure 7.6, with the conditions separated 
to ensure that the trend is visible, especially for the sprays with lower M values. The R2 
values for the linear trends ranged from the lowest value of R2 = 0.931 at M = 6.0 to the 
highest value of R2 = 0.993 at M = 64.1, showing linear fit for all conditions in this study. 
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For each of the plots in Figure 7.6, the horizontal axis is the nondimensionalized downstream 
distance from the nozzle tip (X) and the vertical axis is the mass-averaged axial velocity in 
m/s. 
The slopes of the linear fits from Figure 7.6 are shown in Figure 7.7 as a function of 
gas Reynolds number. The R2 value for the linear fit is 0.988, showing a strong correlation. 
This relation is similar to single-phase jets, showing that equations that relate the velocity in 
single phase jets to the velocities found in two-fluid jets may exist. 
 
Figure 7.7 Linear fit, showing the trend between the X (non-dimensional distance 
downstream from the nozzle tip) and the change in mass-averaged axial 
velocity with downstream distance. 
7.4 Discussion 
The liquid velocity inside the liquid nozzle and at the nozzle exit, calculated using 
Eq. (7.7) was V = 0.48 m/s for all conditions. The average measured velocity at X = 0.24 was 
0.43 m/s. The decrease in velocity between the inner nozzle liquid velocity and the measured 
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velocity at X = 0.24 could be attributed to the liquid wicking up the outside of the liquid 
nozzle, shown by Heindel et al. (2017). The wicking could cause a decrease in the mass-
averaged velocity because a portion of the liquid was either stagnating near the nozzle tip, or 
moving in the direction that was opposite to the initial velocity direction.  
As the liquid progressed downstream, the axial velocity increased because of forces 
from the coaxial air. At lower gas flow rates, there is a slight variation from the linear trend, 
which can be seen in Figure 7.6a. The variation is likely caused by gravity which would play 
a non-neglegable affect at lower gas flow rates. At higher gas flow rates, the force from 
gravity was neglegable, and the mass-averaged axial velocity was strongly linear with X. The 
coaxial air provided a greater force on the liquid when the air was moving faster, at higher M 
values. The increased force at higher M values caused the velocity of the liquid to increase 
more rapidly as is shown in Figure 7.5.  
The plots in Figure 7.6 show a linear correlation between the axial distance 
downstream from the nozzle and the mass-averaged axial velocity in the region that was 
measured for this study: 
 (7.11) 
The linear velocity-distance behavior would not be expected if measurements were 
taken further downstream. Rather, as the liquid progressed downstream, the liquid-distance 
relation should reach a peak where the liquid velocity matched the velocity of the coaxial 
gas. After peaking, the velocity would likely decrease due to the affects of dispersion in the 
ambient air.  
Figure 7 shows a linear relationship between the slope of the velocity-distance 




provides insight into the gas flow rate required to obtain a particular mass-averaged axial 
velocity-distance relation constant. A combination of Figure 7.6 and 7.7 shows that given a 
gas Reynold number (flow rate), the mass-averaged axial velocity could be predicted at a 
particular X-distance (within the range tested in this study). However, because the plot in 
Figure 7.7 does not have a zero-crossing, the region near or below Reg » 15,000 must follow 
a different trend, but that trend cannot be determined from the current data set. 
7.5 Conclusions 
A method of determining the mass-averaged axial velocity from focused-beam X-ray 
radiographs for use on a coaxial spray was developed and implemented in this study. The 
mass-averaged liquid velocity increased linearly with distance from the nozzle exit plane for 
each of the momentum ratios tested. Additional results show that the slope of the mass-
averaged axial velocity vs. distance fits a linear trend when compared to the gas Reynolds 
number. This information is vital in predicting velocities of sprays with different momentum 
flux ratios. It also shows that the force from the gas phase alone is likely controlling the bulk 
liquid flow rate.  
The method developed in this paper could be used in future studies to determine the 
mass-averaged axial velocity of constant sprays or sprays with a high spray angle from 
focused-beam X-ray radiographs. Additional studies could explore the relationship between 
the mass-averaged axial velocity-distance relation in comparison to single-phase liquid jets. 
Additionally, the bulk flow velocity could be compared to the droplet velocity to determine 
the correlations between these two measures. 
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8.1 Experimental Setup 
Experiments described in this paper were conducted using white-beam radiographic 
imaging available at the 7BM beamline at the Advanced Photon Source (APS) at Argonne 
National Laboratory; this facility uses synchrotron technology to provide high energy X-ray 
beams. The APS works by accelerating electrons to nearly the speed of light where the 
electrons prefer moving in a straight line. When the beam is sent through a bending magnet, 
wiggler, or undulator to change its direction, they emit a beam of energy that is tangential to 
the direction and in the X-ray spectrum.  
White-beam radiography is a method of capturing a series of spray images that are 
continuous in time. The setup for white-beam radiography is shown in Figure 8.1. As the 
beam entered the testing room (hutch 7BM-B), it first passed through a chopper wheel that 
was made of lead and spun at a given frequency to limit the beam duration. The chopper 
wheel was used to reduce the average beam intensity so that the equipment would not be 
damaged by long, high flux exposures (Heindel et al., 2019). The chopper wheel was 
necessary for the white-beam setup because the beam used the full range of wavelengths 
available from the synchrotron beam, with minimal filtering, and was at a very high flux (up 
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to six orders of magnitude higher than typical tube source X-rays (Matusik et al., 2019)). 
After passing through the chopper wheel, the beam passed through the spray where the 
intensity of the beam decreased, depending on the amount of fluid through which it passed. 
The beam was then received by a scintillator crystal that fluoresced in the visible spectrum, 
with an intensity proportional to the X-ray intensity, so that a camera could be used to 
capture the image. The visible light was then reflected by a mirror into a high-speed digital 
camera where an image was taken. The mirror was necessary because there was still 
radiation behind the scintillator crystal that would damage the camera if it were in the beam 
path.  
 




For white-beam imaging, data were taken as time series images of different regions of 
the near-field spray (spray near the liquid nozzle exit). The imaging region was between 
4.76 × 5.79 mm and 2.44 × 4.87 mm in size and was limited by the beam size at lower 
capture rates and by reduced camera resolution at higher capture rates. The area of interest in 
the sprays was larger than the imaging region and thus, had to be captured by taking image 
sets in several discrete locations as shown in Figure 8.2. The region very near the nozzle had 
more overlapping images because of the interesting dynamics at the nozzle exit.  
 
Figure 8.2  Sample of overlapping image regions for white-beam radiography (units 
in mm).  
Two different cameras were used during separate test campaigns at APS. Both were 
equipped with lead shielding to minimize potential damage from radiation. Some tests used a 
Photron Mini AX50 camera (frame rate of 2 kHz at full resolution) with a 105 mm and 
50 mm lens combination. The image capture rate varied between 6 and 13.6 kHz, where the 
faster capture rates were used for the higher gas flow rates to ensure quick moving dynamics 
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were recorded, but this resulted in a smaller image region. When taking images with the 
Photron Mini, the X-ray beam was filtered before passing through the spray, which ensured 
that the beam was at its highest intensity. A 500 µm thick YAG:Ce scintillator crystal with 
imaging mirror cube and dichroic mirror were used in the setup.  
The other camera used in this work was a Photron SA-Z camera (frame rate of 20 
kHz at full resolution) equipped with a 50 mm and 180 mm lens combination. Additionally, a 
500 µm thick Si filter was used to increase the clarity of images, along with the 500 µm thick 
YAG:Ce scintillator crystal. The image capture rate using the SA-Z camera varied between 
20 and 100 kHz, where again the higher capture rates were used for the conditions with 
higher gas flow rates, but resulted in a lower resolution.  
Normalization of X-ray images helps to eliminates static noise which improves the 
quality of the images. Normalization is generally the first step in pre-processing the images 
for further analysis. Flat-field normalization was used for this study and is defined by:  
N = (P-D)/(F-D) (8.1) 
where P is the image, D is a dark-field, F is the flat-field, and N is the new image. The dark-
field image was an image taken with no light entering the camera. The flat-field image was 
created by taking a series of background images from a region where there was no spray or 
nozzle. The background images were then averaged together to produce the flat-field image.  
Flat-field images take time to acquire and even more time to download and process, 
but averaging too few flat-field images leaves unnecessary static background noise in the 
data. Since many of the X-ray studies on sprays are conducted at the 7BM beamline at the 
Advanced Photon Source (APS) at Argonne National Laboratory, with a similar setup, the 
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number of flat-field images required for this study would likely translate to other studies 
completed at the same facility. 
A comparative study showed that the static noise is mostly eliminated once 12800 
images have been averaged for the flat-field. There is some reduction in static noise beyond 
12800 images, but the reduction is minimal. Normalizing the images against a flat-field with 
12800 images would be sufficient for this or future studies. However, since 32450 
background images were taken when the data for this study was collected, all 32450 images 
were used in the flat-field average. Any of the white-beam X-ray images shown in this 
manuscript have been normalized according to Eq. 8.1 where the flat-field image, F was an 
average of 32450 background images.   
8.1.1 Flow Loop and Nozzle 
The flow loop assembled in the 7BM hutch at APS is shown in Figure 8.1. The X-ray 
beam is in a fixed location where the intensity, wavelength range, and size can be modified 
slightly. The flow loop setup was built around the X-ray beam. The air inlet used in this setup 
came from pressurized building air at APS. It first passed through a filter to ensure the air 
supply was clean. Right after the filter, the air was partitioned into two lines, each of which 
had a pressure transducer to limit the air pressure that was fed to the system. A ball valve on 
each of the air lines was used to force close the air line when not in use. The first line was 
partitioned again to direct the air flow as “co-flow” and “swirl”. Electronic proportioning 
valves and air flow meters were located after this partition and were used to control and 
monitor the air flow rates. Each co-flow and swirl air line was further split into four identical 
lines, after passing through the air flow meters, that were then attached to the upper portion 
of the nozzle to provide air flow into the test nozzle. The four air lines and all fittings that ran 
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from the air flow meters to the nozzle were identical to ensure equal head loss amongst the 
lines, shown in Figure 8.1. 
After the filter, the second air line was fed into the water tank to create a pressurized 
section of air on the top of the tank that provided the force necessary to push the water 
through the water line. From there, the water moved through a ball valve that was used to 
close the water line when no tests were being performed. Then the liquid passed through an 
electronic proportioning valve and water flow meter, after which the line was split into two 
lines of equal length and ID. The two lines then feed into the two sides of the liquid chamber 
in the upper portion of the nozzle, shown in Figure 8.1. Note that two water lines were used 
in a nozzle fabricated from aluminum, whereas a single liquid line was used in a nozzle 
manufactured from polyoxymethylene (to allow for energizing the liquid needle in a separate 
study). 
The electronic proportioning valves and flow meters were connected to a data 
acquisition system that provided real time measurement and control. The electronic 
proportioning valves were controlled by an in-house LabVIEW Proportional, Integral, and 
Derivative (PID) active control system. Values from the flow meters were sent to the data 
acquisition system and used as feedback, as well as stored so that any natural phenomenon 
could be related back to the instantaneous flow measurement.  
The nozzle shown in Figure 8.3 contains an upper chamber for water and a lower 
plenum for gas (air). Water was injected into the chamber and then was directed to a long 
aluminum needle with an internal diameter dl = 2.1 mm and an outer diameter at the liquid 
exit of Dl = 2.7 mm. Note the nominal liquid needle ID and OD were 2 mm and 3 mm, 
respectively, and differed from the actual values due to manufacturing tolerances and defects; 
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the actual measurements were made with X-ray radiographic imaging. The liquid needle was 
designed to produce fully developed laminar Poiseuille flow. Additional schematics and 
information about the characterization of the nozzle can be found in 
Machicoane et al. (2019). 
 
Figure 8.3  Schematic of aluminum nozzle from section view and gas inlet plane. 
Gas (air in this case) was injected into the plenum through eight lines, four of which 
had an inner diameter of 12.7 mm, evenly spaced around the shaft of the nozzle, shown in 
Figure 8.3. These four gas lines (co-flow air in Figure 8.1) were perpendicular to the water 
flow axis pointed directly as the nozzle centerline. The other four lines were 9.53 mm inner 
diameter and were evenly spaced around the shaft and in the same plane as the straight air 
lines but offset to create rotation about the centerline (swirl in Figure 8.1). In Figure 8.3, QNS 
is the no swirl volumetric flow rate while QSW is the swirl volumetric flow rate. In the present 
study, QSW = 0. 
The gas contraction region of the nozzle was a cubic spline shape with minimal angle, 
designed with the capability to produce turbulent flow. The cubic spline shape produced a 
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flow with a thin boundary and turbulence layer (Hussain & Ramjee, 1976) which was 
advantageous at low flow rate conditions. The gas nozzle exit ID was dg = 10 mm. 
The liquid Reynolds number was defined by: 
Rel = (Uldl)/νl  (8.2) 
where dl = 2.1 mm was the inner diameter of the liquid nozzle, νl was the kinematic viscosity 
of the liquid, and Ul was the liquid mean exit velocity, calculated as Ul = Ql/Al where Ql was 
the liquid flow rate and Al was the exit area of the liquid nozzle. With dl = 2.1 mm and a 
liquid nozzle length of 110 mm, the length to diameter ratio was 52 ensuring a fully 
developed flow. The inner diameter of the gas nozzle at the exit was dg = 10 mm, and the gas 
Reynolds number was defined by: 
Reg = 4Qtot/(πdeffνg)  (8.3) 
where Qtot was the total gas flow rate, and νg was the kinematic viscosity of air. The effective 
diameter of the gas nozzle (deff) was defined as: 
deff = (dg2 – Dl2)1/2  (8.4) 
which was the diameter of a circle with the same exit area as the gas nozzle, and Dl = 2.7 mm 
is the outer diameter of the liquid nozzle.  
The momentum flux ratio (M) was defined by: 
M = (ρgUg2)/(ρlUl2)  (8.5) 
where the subscripts g and l define the gas and liquid properties, respectively, and ρ is the 
fluid density. The Weber number (We) was defined by: 
We = ρgUg2dl/ σ  (8.6) 
The testing conditions that were used for this study are show in Table 8.1. 
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Table 8.1:  Gas Reynolds number, liquid Reynolds number, Weber number, momentum flux 
ratio for each condition used in this study. 
Reg Rel We M 
21,200 1,100 40.3 6.0 
46,500 1,100 194.1 28.9 
69,300 1,100 430.5 69.3 
 
8.1.2 Resolvable Object Size 
From a visual inspection of the white-beam images used in this study, the minimum 
resolvable object size was 5 pixels (0.02 mm) in diameter. Other factors that affect the 
minimum resolvable object size (resolution of the images, contrast between the droplets and 
the background compared to the amount of noise that is expected, and sources of error such 
as distortion and blurring) could be ignored in favor of the visual validation. The maximum 
resolvable object size was limited by the maximum size of droplet that could fit within the 
imaging frame.  
8.2 Results and Observations 
8.2.1 Benefits of X-ray Imaging 
Historically, back-illuminated or shadowgraph imaging have been a popular method 
for studying the near-field spray region. However, white-beam X-ray radiography has 
recently gained traction because the technique provides information-rich images and enables 
rapid data collection. The high intensity of the X-ray beam makes it possible to have a short 
exposure so that fast-moving sprays can be captured without blur. The constant flux beam 
during the imaging time also allows images to be taken with high-speed cameras, and 
therefore the movement of the spray can be visualized. X-rays attenuate as they pass through 
liquid, so the resulting image can be correlated to the amount of liquid along the beam path. 
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Hence, the X-ray image is a 2D projection of the liquid content along the beam, where the 
gray scale variation correlates to liquid thickness, which provides information in the third 
dimension. In contrast, back-illuminated imaging uses visible light that reflects and refracts 
off of the gas-liquid interface and provides a binary image that shows where the projected 
liquid is, or is not, present, but provides no information on the liquid thickness.  
Figure 8.4 shows a comparison between a back-illuminated image and two white-
beam X-ray images for a spray with the same flow conditions and equivalent ambient 
conditions. It is important to note here that back-illuminated imaging typically covers a larger 
spray area than white-beam imaging, but tube source X-rays could be used to capture large 
spray areas (Heindel, 2018). The major difference between back-illuminated and white-beam 
imaging, which is important for analysis, is the level of detail that is available. White-beam 
X-ray imaging provided information about thickness of liquid in addition to showing 
overlapping flow structures; these properties were difficult, if not impossible, to see in back-
illuminated images. The benefits of white-beam X-ray images over back-illuminated images 
were particularly easy to visualize in the region just below the liquid nozzle in Figure 8.4, but 
the benefits translate to a spray region that was further from the nozzle as well. In white-
beam X-ray imaging, overlapping droplets and droplets that were occupied with bubbles had 
been observed (to be discussed in detail below), but it was unlikely these phenomena would 




Figure 8.4  Co-axial spray with Reg = 21,200 and Rel = 1,100. (a) Back-illuminated 
image of large spray region with top center of image at nozzle tip. (b) White-
beam X-ray image at x = 1.7 mm. (c) White-beam X-ray image at x = 16.2 
mm. Note that the x-location of all images corresponds to the distance from 
the nozzle exit plane to the image center. 
8.2.2 Overall Spray and Testing Regions 
The white-beam images had a cross-sectional area of between 4.76 × 5.79 mm and 
2.44 × 4.87 mm for the tests that are presented in this study. The small cross-sectional area 
allowed the spray to be imaged quickly and at a high resolution, but the imaging had to be 
done in sections since the entire region of interest did not fit within the cross-sectional area of 
the beam, as shown in Figure 8.2. Hence, tests for each region were completed at separate 
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times, so that changes in the spray structure can only be seen within a particular frame and 
not tracked or correlated from image region to image region.   
Figure 8.5 shows a sample image for each of the gas flow rates tested from each 
downstream region directly below the liquid nozzle exit. The images shown here were 
selected because they accurately represent a typical image from the respective region. All 
images were normalized and the contrast was increased for improved visualization. The 
liquid flow rate was constant at Rel = 1,100 for each of the conditions in Figure 8.5. The gas 
flow rate varied between conditions and is shown at the top of each image series.  
8.2.3 Qualitative Description of Spray Breakup 
The following is a quantitative description of spray breakup for sprays with Reg = 
21,200, 46,500, and 69,300. The liquid flow rate, Rel = 1,100, was constant for each spray. 
The first description is for a spray with Reg = 21,200 since this was the slowest progressing 
spray and the breakup dynamics were easy to identify as they happen over many frames. It is 
recommended to read these descriptions in the order presented because the descriptions make 
comparisons with the sprays previously described, in addition to describing features that 
were unique to that particular spray. All descriptions are generalized to describe the most 
common observations throughout the spray and do not include unusual or rare events. The 
descriptions are also purely quantitative, so any descriptors that are comparative, are 
described as they were visualized while watching accompanying videos multiple times 
frame-by-frame. For example, if the droplets in the spray with Reg = 46,500 are described as 
being smaller than the droplets in the spray with Reg = 21,200, this only means that the 
median droplet size for Reg = 46,500 was visually smaller than the median droplet size for 
Reg = 21,200, but no droplet sizes were quantitatively determined.  
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Spray dynamic descriptors accompanying the following images follow standard 
conventions, when available. If a name did not exist for a particular dynamic, then 
descriptors were chosen to best represent the given dynamic structure. 
 
Figure 8.5  White-beam X-ray images of an airblast atomizer showing how the spray 
changes in response to Reg  and downstream distance.  
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8.2.3.1 Spray with Reg = 21,200  
When Reg =21,200, a slowly oscillating liquid stream was observed right at the liquid 
nozzle exit. Some of the water wicked up the outside of the liquid nozzle (Heindel et al., 
2017); X-rays allowed for this observation because they penetrated the opaque nozzle. As the 
spray progressed downstream, the liquid region began separating into sections which later 
formed into ligaments, shown in Figure 8.6(a). When the liquid stream separation initialized 
at the bottom of a liquid structure breaking away, the thickness of the liquid between the 
sections became infinitely thin, effectively creating ligaments that were connected by a thin 
liquid sheet. As the liquid moved further downstream, the liquid sheet progressively thinned 
and then divided, and the mass that was contained in the sheet joined a ligament. If an 
upstream region of liquid was the thinnest, the air generally blew the thin structure to one 
side of the ligaments or the other, which resulted in a bag, shown in Figure 8.6(b). The bag 
grew quickly but eventually hit a limit where the force from the fast-moving air was greater 
than the cohesive force of the liquid, at which point the bag catastrophically broke. When bag 
breakup occurred, many small droplets (with respect to the size of the ligaments) formed. 
The thinnest portion of the bag produced the smallest droplets, which were often below the 
minimum resolvable object size. The thicker, downstream edge of the bag produced larger, 
but still relatively small droplets.  
As the ligaments continued progressing downstream, the liquid was pulled by the 
high-speed air that surrounded it, increasing the ligament speed with downstream distance. 
This also caused the ligaments to stretch and become thinner or divide into multiple, thinner 
ligaments, shown in Figure 8.6(c). The thin ligaments eventually broke away from the liquid 
that was exiting the nozzle. The distance from the nozzle exit plane at which the last ligament 
broke off was generally referred to as the intact length. The farthest downstream distance in 
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which continuous liquid from the nozzle exit was observed did not remain constant but had 
sharp oscillations where a ligament may form at the tip and then break off. The spray had to 
be imaged in sections, and the intact length may span more than one image region, which 
meant it could only be estimated but not measured precisely (Bothell et al., 2020).  
 
Figure 8.6  Spray formations seen in white-beam X-ray images from an airblast atomizer 
with Reg = 21,200 and Rel = 1,100. (a) Initial ligament formations at x = 1.7 
mm. (b) Bags. Image with only bag occurred at x = 7.5 mm. (c) Ligaments 
separating from a main ligament at x = 4.6 mm.  
The separated ligaments continued to stretch as they moved further downstream. 
However, the stretching was not uniform, which created ligaments that had bulges and 
narrow diameter sections of liquid connecting the bulges, shown in Figure 8.7(a). As these 
ligaments progressed downstream, the bulges pulled apart where the bulges grew larger and 
the narrow sections grew increasingly narrower, shown in Figure 8.7(b) and 8.7(c). 
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Eventually, the ligaments broke along the narrow sections to create large individual droplets, 
shown in Figure 8.7(d). The droplets that were formed from ligament breakup were non-
uniform but generally much larger than the ones observed from bag breakup. When 
ligaments broke apart, it was very common to see satellite droplets form from the narrow 
section between the large droplets, shown in Figure 8.7(e). The satellite droplets from 
ligament breakup were not uniform in size and there was often more than one satellite 
droplet. These satellite droplets are similar as those seen in liquid jets (Pimbley and Lee, 
1977). 
 
Figure 8.7  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 21,200, Rel = 1,100, time between images = 550 μs, and at x = 7.5 mm. 
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(a) Ligament with bulges. (b) Narrowing of the ligament between bulges. (c) 
Ligaments becoming extremely thin before breaking. (d) Droplets formed after 
ligament breaks. (e) Satellite droplet. 
For some of the ligaments, the head was slower than the tail and it undulated as it 
moved through the air. If the faster moving tail was moving in a different direction than the 
slower head, the ligament often turned horizontal to the flow field. Horizontal ligaments 
generally stretched more in the middle to create a U-shape, and then when it broke apart, it 
was catastrophic, resembling the bag breakup that occurred along the bag lower ridge. Other 
times, the faster moving ligament tail was moving in the same direction as the slower head, 
causing ligament collapse. This process often formed a mushroom-shaped structure in the 
flow-field, shown in Figure 8.8(a). Mushrooms broke apart in many ways, the larger 
mushrooms often split into secondary ligaments (secondary because they were not produced 
from the primary stream of liquid that exited the nozzle), or the upper and lower portions 
separated into two droplets. Smaller mushrooms often formed a bag and catastrophically 
broke apart.  
A unique phenomena that was only visible using white-beam X-ray imaging was 
observing air bubbles trapped inside liquid regions, shown in Figure 8.8(b). When the 
bubbles formed by bag folding on the edge of the liquid stream, they moved significantly 
slower than the rest of the liquid. The bubbles sometimes broke apart when the liquid 
formations broke apart, but smaller bubbles often got trapped inside the liquid, even as it 
broke apart. Trapped bubbles resulted in droplets that contained bubbles, shown in Figure 
8.8(c), and the droplet and encased bubble moved as a single unit. Bubbles inside liquid 
droplets would have a significant effect on the combustion process if the spray was a fuel 
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injector. Bubbles could also create hollow metal powders from liquid metal sprays that may 
be detrimental to additive manufacturing processes. 
 
Figure 8.8  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 21,200 and Rel = 1,100. (a) Mushroom at x = 10.4 mm. (b) Bubble in a 
stream of liquid at x = 4.6 mm. (c) Bubbles inside of droplets at x = 16.2 mm. 
In addition to breakup, the liquid structures (ligaments, bags, mushrooms, liquid 
sheets, and droplets) often collided with each other. During collisions, the masses often 
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combined and then broke apart further downstream. A series of images showing droplet 
collision are provided in Figure 8.9.  
 
Figure 8.9  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 21,200, Rel = 1,100, time between images = 550 μs, and at x = 16.2 
mm. (a) Two separate droplets, about to collide. (b) Single droplet that 




Figure 8.10  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 21,200, Rel = 1,100 , time between images = 550 μs, and y = 16.2 mm. 
(a) Two initial droplets that are an oblong shape. (b) Four droplets created by 
secondary atomization of initial two droplets. (c) Satellite droplet from one of 
the droplets breaking. 
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Similar spray characteristics continued to form and break apart throughout the flow-
field until the spray contained many droplets. Once the spray was composed of only droplets, 
the droplets begin to stabilize. Secondary atomization, with droplets breaking apart into 
smaller droplets, still occurred once the flow-field was composed of only droplets. However, 
secondary atomization occurred at a slower rate than primary atomization. The droplets that 
were most likely to break apart in secondary atomization were the larger droplets, which was 
likely due to the lower cohesive forces. When secondary breakup occurred, the droplet first 
deformed into a thin oblong shape. The center region of the oblong shape then narrowed as 
the edges pulled further and further apart. Once the center of the oblong drop became thin 
enough, the droplet suddenly broke apart into two droplets of similar size. The droplets 
moved with approximately the same downstream velocity, but they continued moving further 
away from each other after the droplet breakup. One or two satellite droplets often formed 
between the larger droplets when they broke apart, where the satellite droplets were much 
smaller than the two main droplets. This process is shown, by a series of images in Figure 
8.10, for two droplets that happened to be breaking at the same time.  
8.2.3.2 Spray with Reg = 46,500 
Many of the phenomena that were observed for the spray with Reg = 21,200 also 
occurred for sprays with Reg = 46,500, but the breakup was faster, closer to the nozzle, and 
resulted in smaller droplets. With a more chaotic spray, many of the breakup mechanics were 
less visible because a frame rate that was too slow can make it difficult to visualize the 
progression. There was also more interference with overlapping spray dynamics. 
When the gas flow rate was increased to Reg = 46,500, wicking around the liquid 
nozzle was not visible from white-beam X-ray radiographs as it was with Reg = 21,200. 
Necking occurred in this spray, very close to the nozzle, with the narrowest point at about 1 
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liquid nozzle diameter downstream of the nozzle exit plane, shown in Figure 8.11(a). The 
widening of the liquid after necking was caused by ligament formation and separation, shown 
in Figure 8.11(b). The separation and breaking of ligaments was rapid in comparison to a 
spray with Reg = 21,200. Because the ligament separation was rapid, a larger number of 
liquid sheets and bags were present in the spray region just below the liquid necking.  
The majority of the mass could be seen sweeping between the left and right side of 
the images. This was likely an oscillatory motion that showed up in 2D images as a sweeping 
motion. However, manual tracking of the liquid motion showed that the motion did not 
follow a sinusoidal pattern. In comparison to the spray with Reg = 21,200, a spray with 
Reg = 46,500 had ligaments that were much narrower. The ligaments followed similar 
patterns by creating liquid sheets between the ligaments before they quickly broke apart. 
With the increased forces from the higher gas flow rate, the ligaments became very thin so 
that when they broke apart the droplets that were created were smaller than they were with 
Reg = 21,200.  
Liquid sheets formed at a high rate where some rejoined with the liquid ligaments and 
others became bags that then broke apart into small droplets where larger droplets came from 
the rim of the bag. The bags were generally smaller than those seen when Reg = 21,200, and 
the resulting droplets that were formed were also smaller than those formed when 
Reg = 21,200. Below initial ligament formation, the liquid structures often moved away from 
individual ligaments and started to resemble webs, shown in Figure 8.11(c). Webs contained 
ligaments with bulges (similar as the structures that were seen before ligament breakup with 
Reg = 21,200), shown in Figure 8.11(d) and Figure 8.11(e). The ligaments were then 
connected by liquid sheets, shown in Figure 8.11(f). As the webs progressed downstream, the 
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portions that broke apart first were the liquid sheets where the liquid was the thinnest. This 
either created smaller webs, individual ligaments, or droplets. The structures continued 
expanding and breaking along the thinnest sections until the spray was completely composed 
of droplets.  
 
Figure 8.11  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 46,500 and Rel = 1,100. (a) Necking at x = 1.7 mm. (b) Initial ligament 
formation. (c) Web at x = 4.6 mm. (d) Bulges in a web. (e) Ligaments 
connecting bulges in a web. (f) Liquid sheet connecting ligaments in a web. 
(g) Bubble in droplet at x = 13.3 mm. (h) Mushroom at x = 13.3 mm. 
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Some mushrooms formed and were similar to the ones seen with Reg = 21,200, 
however, the mushrooms from Reg = 46,500 were much smaller, as shown in Fig 8.12(h). 
Bubbles inside of droplets also existed for this condition, shown in Figure 8.11(g). 
 
Figure 8.12  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 46,500, Rel = 1,100, time between images = 275 μs, and at x = 13.3 
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mm. Black box tracks a web structure as it moves through the spray field, 
expanding and breaking apart. 
A series of images showing the expansion and breakup of a web is shown in Figure 
8.12. By x = 13.3 mm, the spray was mostly droplets, however, the liquid droplets were far 
from being spherical. These droplets were typically the result of secondary breakup. Others 
seemed to remain intact in the spray field but their shape changed as they progressed and 
could rarely be described as spherical. 
 
Figure 8.13  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 46,500, Rel = 1,100, time between images = 275 μs, and at x = 13.3 
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mm. (a) Initial droplet. (b) Beginning of bag formation. (c) Bag breaking. (d) 
Two droplets resulting from secondary atomization.  
When secondary breakup occurred for a spray with Reg = 46,500, the process started 
in a similar fashion to that observed with Reg = 21,200, where droplets deformed into a thin 
oblong shape. The center region of the oblong shape then narrowed as the edges pulled apart. 
However, it was common to see the oblong shape get stretched into a thin ligament and break 
into multiple droplets. It was also common to see a bag form from the center of the oblong 
shape which then broke apart catastrophically. Figure 8.13 shows a series of images showing 
this type of breakup. These bags were similar, but much smaller than, the bags that were 
observed in the initial breakup for a spray with Reg = 21,200. 
The majority of the mass of the spray continued to sweep across the spray field even 
when the spray had completely broken into droplets. This sweeping motion was likely due to 
the upstream sweeping or oscillating motion, where the liquid continued to move in the 
direction that was observed upstream. However, with the limited continuous visual field from 
white-beam imaging, it could not be confirmed that the liquid continued moving in the 
direction that was seen upstream.  
8.2.3.3 Spray with Reg = 69,300 
For sprays with the highest tested gas flow rate, Reg = 69,300, the spray dynamics 
observed with white-beam X-ray radiographs were quite different from those captured at 
Reg = 21,200 and Reg = 46,500. Wicking was not visible at this flow rate. As the liquid left 
the nozzle exit plane, it was immediately pulled by the fast-moving air. The liquid stream 
disintegrated almost immediately. Slight necking was present in many of the images. The 
region that was closest to the nozzle became a “crown”, shown in Figure 8.14(a) and 8.14(b), 
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where the liquid appeared to have an upside down bowl-like hollow center and “spikey” 
edges. The portion of the crown that was attached to the liquid nozzle oscillated back and 
forth (Machicoane et al., 2019) and wisps of liquid filaments were pulled from the crown 
periphery as web-like structures. 
The crown was rarely seen as symmetrical and often tended to tilt to the same side of 
the spray. The spray tending towards asymmetry in one direction was likely caused by a local 
defect in the nozzle tip from the manufacturing process. For example, the liquid nozzle that 
was used for this study was determined, post study, to have a microfracture on one side of the 
tip.  
Complex liquid structures began forming within the crown and less than one nozzle 
diameter downstream from the nozzle exit plane. The points of the crown were pulled off as 
ligaments but the ligaments began decaying almost immediately after being pulled off. The 
region just downstream of the crown was a web structure that was composed of many 
ligaments that were connected by liquid sheets (see Figures 8.14(a) and 8.14(b)). The web 
structure for this spray with Reg = 69,300 was similar to those seen for a spray with 
Reg = 46,500. The web appeared to remain as an interconnected structure for several nozzle 
diameters downstream of the crown, shown in Figure 8.14(c). When the web did break apart, 




Figure 8.14  Spray formations seen in white-beam X-ray images from a coaxial spray with 
Reg = 69,300 and Rel = 1,100. (a) Narrow crown with web below at x = 1.35 
mm. (b) Wide crown with web below at x = 1.35 mm. (c) Detached web 
structure at x = 3.55 mm. 
By x = 7.75 mm, webs still appeared towards the center of the imaging field, but 
many droplets had formed from the liquid sheets and ligaments breaking apart. Rather than 
being one web, the spray was composed of several webs which had broken apart from the 
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larger structure of spray that was connected to the nozzle. Much of the spray was composed 
of droplets and the droplets tended to exist toward the outer portion of the spray. Mushrooms 
were either not present or too small to be visible and bags did not appear to exist at this gas 
flow rate. Bubbles continued to exist in some of the droplets. As the spray progressed, the 
webs continued to break apart into either droplets or smaller webs. The spray also became 
increasingly difficult to see from the white-beam X-ray images. Many of the droplets were 
below the minimum resolvable object size and the liquid sheets were often so thin that signal 
to noise ratio was not high enough to discern the sheet boundaries. The white-beam imaging 
for this flow condition only covered the axial region down to x = 7.95 mm, where the spray 
had not yet decomposed to contain only droplets. Secondary breakup likely existed in this 
region but was not visible since most droplets were already below the minimum resolvable 
object size.  
8.3 Conclusions 
White-beam X-ray images provided a lot more visual detail of spray dynamics and 
spray breakup than back-illuminated imaging. The increased detail and high time resolution 
enabled a very detailed qualitative analysis of the spray structure, dynamics, and breakup.  
Tests conducted using an airblast atomizer with Reg = 21,200 and Rel = 1,100 showed 
the most detail and provided the most insight into breakup dynamics. These tests showed 
ligament formation and multiple modes of ligament breakup. Unique spray structures such as 
mushrooms, bubbles within liquid streams, and bubbles within droplets were identified. 
Droplet collision and secondary breakup was also visible for this condition. 
When Reg = 46,500 and Rel = 1,100, many of the same dynamics and structures were 
observed that were visible in the spray with Reg = 21,200 and Rel = 1,100. However, the 
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breakup happened much faster, and closer to the nozzle exit, and the structures were 
generally smaller. Additionally, webs-like structures were visible. 
When Reg = 69,300 and Rel = 1,100, liquid breakup occurred even faster than the 
other two conditions and much closer to the nozzle. For this condition there was a liquid 
crown just downstream of the liquid nozzle and the majority of the spray field was composed 
of webs. The webs broke apart until the spray field was mostly composed of droplets.  
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CHAPTER 9.    GENERAL CONCLUSIONS 
Results from the study presented in Chapter 4 showed that the mass across a spray 
has a Gaussian distribution that is self-similar with downstream distance. The study also 
found that the intact length could be estimated with reasonable accuracy from focused-beam 
radiography measurements. Additionally, the spray angle could be determined from 
shadowgraph imaging which was confirmed by comparing the angle from shadowgraph 
imaging to those of focused-beam X-ray radiography. 
Results from Chapter 5 showed that maps of the average EPL from focused-beam 
radiography provided visual insite into the location of the core and the average EPL was used 
to visualize the width of the spray. Maps of the standard deviation showed high values on the 
edges and lower portion of the core, corresponding to oscillations and shedding, respectively. 
The combination of these maps showed that the condition with SR = 0 had the longest core 
length, narrowest spray, and largest path length fluctuations around the core. The condition 
with SR = 0.5 had the shortest core, widest spray, and less fluctuations around the core. The 
condition with SR = 1 had a core length that is between SR = 0 and SR = 0.5, a spray width 
that was between SR = 0 and SR = 0.5, and path length fluctuations that were also between 
the conditions with SR = 0 and SR = 0.5. PDF plots showed that adding swirl to a spray 
resulted in the smallest EPL for a spray with SR = 0.5 and the second smallest for a spray 
with SR = 1; this may indicate smaller droplets. 
In Chapter 6, an image-based feedback controller was developed to optimize θ, 
obtained from shadowgraphs, with the assumption that the largest θ was desired. With the 
given nozzle, an optimized θ = 25.8 ± 2° was obtained at SR = 0.66 ± 0.03. The process took 
less than 90 s, and only 6 s was required for the optimization.  
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In Chapter 7 a method of determining the mass-averaged axial velocity from focused-
beam X-ray radiographs for use on a coaxial spray was developed and implemented. The mass-
averaged liquid velocity increased linearly with distance from the nozzle exit plane for each of 
the momentum ratios tested. Additional results showed that the slope of the mass-averaged 
axial velocity vs. distance fit a linear trend when compared to the gas Reynolds number. This 
information would be vital in predicting velocities of sprays with different momentum flux 
ratios. It also showed that the force from the gas phase alone was likely controlling the bulk 
liquid flow rate.  
Chapter 8 utilized white-beam imaging to provide a very detailed qualitative analysis 
of the spray structure, dynamics, and breakup. When Reg = 46,500 and Rel = 1,100, many of 
the same dynamics and structures were observed that were visible in the spray with Reg = 
21,200 and Rel = 1,100. However, the breakup happened much faster, and closer to the 
nozzle exit, and the structures were generally smaller. Additionally, webs-like structures 
were visible. When Reg = 69,300 and Rel = 1,100, liquid breakup occurred even faster than 
the other two conditions and much closer to the nozzle. For this condition there was a liquid 
crown just downstream of the liquid nozzle and the majority of the spray field was composed 
of webs. The webs broke apart until the spray field was mostly composed of droplets. Some 
interesting spray dynamics that were seen in the spray included bubbles inside droplets, bag 




CHAPTER 10.    FUTURE WORK 
Although questions were answered and gaps were filled with this research, there are 
many future directions for similar research. One suggestion for a future study is to extend the 
results found in Chapter 7 to the far-field region. Using PDPA, researchers could determine 
the droplet size and velocity in the far-field spray. Those values could then be used to 
determine the mass-averaged axial velocity of the spray in the far-field. This would complete 
the velocity profile and would likely provide a full picture into how the mass-averaged 
velocity changes with downstream distance for a co-axial airblast atomizer.  
Another possible study would be developing a method to determine droplet/structure 
size in the near-field. It is likely that white-beam images could provide insight into the size of 
droplets or structures. If this were possible, those results could also be correlated to the PDF 
from focused-beam radiography to determine the accuracy of using the PDF to estimate 
droplet size. 
The image-based feedback controller that was presented in Chapter 6 could also be 
expanded. It would likely fit many applications. The control algorithm could be adapted to be 
an active feedback controller. The information that is gathered from the images could also be 
adapted to reflect any property of sprays that is measurable from images such as intact length 
or average droplet size.  
